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GRADUAL TRANSITION OF NUCLEATE BOILING FROM DISCRETE-
BUBBLE REGIME TO MULITBUBBLE REGIME
by Yih-Yun Hsu

Lewis Research Center

SUMMARY

A photographic study was made of over 5000 bubbles in the nucleate boiling
of methanol and water on a narrow heating strip at various heat fluxes and
degrees of subcooling. The results showed that transition from the discrete-
bubble regime to the multibubble regime was gradual. The fraction of heating
area covered by multibubbles increases with Increasing heat flux and is predic-
table. The area fraction is a Poisson function of the product of the mean area
of influence of single bubbles and the instantaneocus population density.

INTRODUCTION

Because nucleate bolling is recognlzed as a very effective means of heat
transfer, a tremendous amount of effort has been directed toward the under-
standing of this interesting phenomenon. Among such efforts, a good part has
been devoted to the study of bubbles. To facilitate observation, studies usu-
ally were made on discrete bubbles. Thus, the formulation of theories on nu-~
cleate boiling was on the basis of the information derived from discrete
bubbles (refs. 1 to 5). These theories were generally applied to the entire
regime of nucleate boilling. Recently, however, it has been becoming more and
more clear that there actually exist several subdivisions in nuclear boiling,
namely, a discrete bubble regime, a merging bubble regime, and perhaps a vapor-
pateh regime (refs. 4 to 7). It is evident that theories should be developed
to deal with each region individually, as well as to predict the transition
from one region to another.

It is the purpose of this report to study the transition of the discrete-~
bubble regime to the merging-bubble regime. In reference 8, an abrupt transi-
tion point was proposed, while in reality the transition is gradual and con-
tinuous. This report will show how the area covered by merging bubbles gradu-
ally increases with increasing heat flux and that the area fractions for
merging bubbles can be related with other parameters such as bubble size and
instantaneous bubble population. The hope is that, if the area fractions
covered by the merging bubbles and the discrete bubbles at a given condition
are known, the overall heat-transfer coefficient can be synthesized by weigh-
ing the contributions due to the two bubbling mechanisms according to their
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respective area fractions.

The experimental phase of this work consisted of a photographic study of
nucleate boiling of methanol and water on a 1/16- by 5/4—inch heating strip
under 1 atmosphere pressure. The resulting data were then analyzed by assuming
a Poisson distribution of bubbles.

SYMBOLS
A area
a empirical area parameter used in equation (l)
a,b empirical parameters used for bubble growth rate R = atp
D bubble diameter
T bubble generating frequency
F bubble fraction
g gravitational acceleration
h total number of all single bubbles studied in one roll of film
X thermal conductivity
k number of sample frames
L length of heating strip
M average number of sites per cell
N site population
n Instantaneous bubble population
P probability according to Poisson function
q heat flux
R bubble radius
R bubble growth rate, dR/dt
S standard deviation associated with average area fraction of merging
bubbles
Algp subcooling temperature difference between saturation and bulk tempera-

tures



ATy temperature difference between surface and bulk

t time

tg bubble growth period

tyr walting period

W half-width of heating strip

X number of bubble sites per cell
X number of bubbles in a cell

B contact angle, radians

e surface tension

o] thermal layer thickness

A latent heat of wvaporization

H average number of bubbles per cell
P density

o theoretical standard'deviation
o area fraction

Subsecripts:

av average

B bubble

b bubble base

calc calculated
d departure

exp experimental

F Fritz equation of bubble departure, equation (9)
1 ligquid
m merging bubbles or multibubbles

] single bubble



sub subcooling

t total
v vapor
Superscript:
- average

LITERATURE SURVEY

As mentioned in the INTRODUCTION, bubble interference has been reported
previcusly. The earliest mention of it was probably that found in reference 9.
More recent experimental findings have been reported since then. In general,
the bubble interference can be classified as one of two types, vertical inter-
ference and lateral interference. The vertical Interference occurs between
consecutive bubbles emitted from the same nucleation site in rapid succession.
This type of bubble interference is called chain-bubble interference in refer-
ence 9. It is also reported in references 6, 8, 10, and 11. This type of
bubble coalescence was the model utilized in reference 8 to derive the crite-
rion for the transition from the discrete-bubble regime to the merging-bubble
regime. Deissler used a similar model for an analysis of burnout heat flux
(ref. 12). The lateral type of bubble coalescence (or mushroom bubbles accord-
ing to ref. 4) is the interference between the neighboring bubbles due to close
proximity. As observed in references 3, 4, and 13, a growing bubble, while
still attached to the heating surface, merges with a neighboring bubble. This
merging can be caused either by contact of two growing bubbles or by the
up draft of a departing bubble. The area of influence of each bubble is
roughly 2 bubble radii away from the nucleation center (refs. 3 to 5). In
either case, the lateral-merging bubbles can be pictured as mushrooms with two
or more stems. These stems are the places where vaporization occurs. This
type of coalescence has been included in the bolling models postulated in
references 3 to 5. As will be shown in the section RESULTS AND DISCUSSION,
mushroom bubbles are far more frequently observed than chain bubbles. There-
fore, the mushroom bubbles will be the ones discussed in this report.

Since the lateral coalescence is due to the interference of neighbors,
the distribution of bubbles should be known. In the work of reference 14, it
was found from the distribution of the sites on a bolling surface that the site
population was distributed according to Poisson's equation

My X
By(x) = 00 (1)

where M = ﬁé/A and X = Na/A, but no attempt was made to predict the popula-
tion distribution a prioril; instead, the cell area a was used strictly as an
empirical parameter to fit the data with Poisson curves.



APPARATUS AND PROCEDURE

The test was carried on inside a 6-inch-diameter by 4-inch-high cylindri-
cal tank made of stalnless steel and provided with viewing windows. The tank
had provisions for a fill, a drain, a pressure gage, electrical connections,
thermoccuple leads, and auxiliary heaters. The heater was a thin, electrically
conductive, transparent coating l/lB-inch wide, and l-inch long deposited on a
1- by 1- by l/8-inch heat-resisting glass plate. The plate was mounted hori-
zontally on a small bench with a mirror situated beneath the plate and inclined
45°, Thus, the camera aiming from a front window saw simultaneocusly a front
view and a bottom view (through the mirror) of the image of any bubble gener-
ated on the heating surface. The plate was clamped down with two copper clamps,
which also served as electrical leads. The actual heating area was 1/16 by
5/4 ineh, since the two end areas were covered by the copper clamps (rig. 1).
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Figure 1. - Setup of heating element.

The 1/16-inch-wide strip was used instead of a wider heating area to ensure
that no more than two rows of bubbles were generated. This arrangemént was
necessary to avoid confusion in the front view due to the presence of over-
lapping rows of bubbles. Originally, an alternating-current source was used,
but because of the low heat capacity of the heating film, there were 120 cps
temperature fluctuations on the heating surface. At lower heat flux, when
bubble frequencies were low, this 120 cps fluctuation apparently did not have

a serious effect. As the heat flux was increased and bubble frequency fell in
the vicinity of 120 cps, however, the alternating-current fluctuation began to
dictate the bubble frequency, and the bubbles began to grow in unison. Thus,
only those runs where there was no apparent synchronization between bubbles and
current waves were retained. Iater, a direct-current source was used. Because
of the high voltage applied to the electrodes (60 to 120 v), electrolysis
would take place if water were used. Thus, only methanol was used for direct-
current runs. At the beginning of a series of runs, the tank was loaded with a
fresh batch of pure methanol or distilled water. The liquid was preheated to

a desired temperature by the auxiliary heater. The bulk temperature was con-
stantly monitored through thermocouple readings, and the temperature level was
controlled by turning the auxiliary heaters on and off. The auxiliary heaters
were always off while actual test runs were being carried out. The test heater
would be turned on and set at a desired heat flux by varying the applied volt-
age, and then high-speed motion pictures (up to 5000 frames/sec) were taken.



The simultaneous viewing of bubble activities from front and bottom (mirror
image) was deemed necessary to get the true picture of bubble interaction.
Because of the difference in optical distance of the two views, however, it was
extremely difficult to keep both views in sharp focus. Thus, the optical qual-
ities of pictures were somewhat sacrificed. Because of such difficulties,
studies were limited to those runs with a moderate amount of merging to main-
tain the accuracy of reading. The high-speed motion pictures were analyzed on
a motion-picture analyzer. A total of 14 rolls were examined. For each roll,
50 to 100 frames were studied. The sample frames were selected by arbitrarily
stopping the f£ilm 50 to 100 times at irregular intervals.

For each frame, information about each bubble present on the entire 3/4-
by l/lG-inch heating surface was recorded. The raw data include

(1) The location and size of each bubble. The size or diameter of a
bubble is defined as the width of a bubble at its widest part. In a few In-
stances, a mushroom bubble could be a very wide hovering bubble overcasting
a large area. In such cases, the bubble size is defined as the width of the
bubble stem below the height of an average single bubble (see fig. 2).
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Figure 2. - Various configurations of bubbles.

(2) The classification of bubbles, namely, whether the bubble was a single
bubble, or was merging with other bubbles. The criterion for the merging
bubbles was the physical contact of two or more bubbles while at least one
bubble was still attached to the heating surface.

(3) The number of active bubbles involved in a merging bubble.
(4) The total number of active bubbles n on that frame.

From the aforementioned raw data, calculations were made, and the following
information was obtained:

(l) The average size of all the single bubbles recorded in the sample
frames was determined. This average was expressed in terms of the area frac-
tion of influence of single bubbles, averaged as a function of the total area
or ®g. The area of influence of the bubble ¢4 was computed by the equations



= —= for Dy < W (2a
%5 = &y 5 )
and
2 [w‘/Dg - w8 + DZ sin~t %L]
S,
Py = - i = for D ,>W (2b)
- The shaded area in figure 3 are
Y A . .
i rea covered by bubble with radius Rg the areas of influence of single
Area covered by influence of bubble bubbles. Note that equation
(radius of‘twice the bubble radius; (Zb) represents the area of a
area fraction of bubble influence is ) part of a circle with two seg-
ments cut off. The mean area
L fraction averaged over all the
single bubbles is
% ?s,1
= 1=l
| Og,ay = E——  (2¢)
Dg < W
2 where h 1is the total number of
Ps* L Ds > W single bubbles studled in the
2[WVD§-W2+ Dg sin™ %V;l roll.
SD = ——— =
: 2L (2) The average size of the
) area covered by a merging bubble
Fxg;xgzgﬁ'; Calculation of area fraction of heating strip covered by influence in a frame was expressed as the

area fraction op, and was cal-
culated by summing all the area
fractions covered by each merg-
ging bubble in the same frame.
The area fraction of each merging bubble was also computed from equations (2a)
and (2b), except that Dp/2 was used instead of Dg. The average area frac-
tion of merging bubbles was computed over all the frames, or

k

Z CPm,i

i=1

Pm,av = M

where k is the number of sample frames and @p 4 is the sum of all the area
fractions of merging bubbles in the frame i. Also computed for each roll of
film was the standard deviation s assoclated with the Om,av
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(3) The average instantaneous bubble population density hgyy Was taken
for the total number of sample frames k.

The total number of active sites N seen in a given roll of film was also
studied. The movie was projected on a paper and all the sites where bubbles
had ever been generated were marked down. The range of conditions and the data

are given in table I.

RESULTS AND DISCUSSION
General Description of Photographic Observation

Before the guantitative study of bubble interferences is discussed, the
following qualitative descriptions should be given:

(1) The merging of bubbles was predominately due to lateral coalescence.
The merging took place when one growing bubble got into the area of influence
of a neighboring bubble. A detailed listing of bubble classification and raw
data 1s contained in table II.

(2) The number of merging bubbles and the area covered by these merging
bubbles increased with increases in both bubble size and instantanecous bubble
population. With pressure and degrees of subcooling held constant, both the
bubble size and the instantaneous bubble population increased with heat flux.
Thus, increasing the heat flux means increasing the area of merging bubbles.

(3) The location of merging bubbles appeared to be random. For a given
locatiocn, at one moment there could be no bubbles, one bubble, several discrete
bubbles, or merging bubbles; however, the probability of having merging bubbles
increased with increasing heat flux.

Analysis

Based on the general qualitative description of bubble interference ob-
served photographically, a model will be postulated to account quantitatively
for the area fraction covered by the merging bubbles. The analysis will be
carried out in two steps: The first step will be to seek the relation between
the area of a merging bubble and quantities such as the mean area of influence
of a bubble and the instantaneous bubble population, provided the latter two
are given. The second step will be to estimate the area of influence and the
instantaneous bubble population from the more basic information such as heat
flux, subcooling, and total bubble population (or site population). The pur-




pose is to estimate the area of merging bubbles from the aforementioned basic
information.

Basic model. - The basic model for bubble interference is described in the
following manner:

(1) Each bubble has an area of influence, which is the area within
1 bubble diameter of the nucleation center. This assumption is based on the
observations made in reference 3.

(2) Since each bubble grows, the area of influence is based on the time-
mean bubble size. This mean area of influence of a single bubble is considered
as a cell. The heating surface is divided into such cells.

(3) Two bubbles will merge if one is located within the area of influence
of the other.

(4) The bubbles are assumed to have a Poisson distribution.l This distri-
bution is assumed to apply not only to site population as found in refer-
ence 14, but also to the instantaneous bubble population. DNote that, at any
moment, only part of the sites are actively occupied by bubbles, while the rest
are in the waiting period.

Poisson distribution. - The following equation is used to express the pre-
viously postulated model in mathematical form:

e~HuX
x!

P, (x) = (3)

where P‘(x) is the percentage of cells each of which has x bubbles in it and
the cell is defined as the mean area of influence of a single bubble. The
average number of bubbles per cell is

Ngv Aoy
PUE TR M T et («)
A

where Ay 1is the mean area of influence of a single bubble or the area of a
cell, ngy 1is the average instantaneous bubble population on a total heating
area Ag, and Qg 1s the area fraction Ay/Ay. Note that equations (1)
and (3) are similar in form except that the site population N is used in
equation (1), while the instantaneous bubble population n is used in equa-

1Tne assumption of Poisson distribution for the spatial distribution of
bubbles makes possible the calculation of the area fraction for merging
bubbles. If one is interested in the fraction of bubble population that is
merging, however, an analysis of the clustering of bubbles can be found in
appendix A.



tion (3) and that in equation (3) the cell area is defined as the area of in-
fluence of a bubble.

Since it is assumed that bubbles will merge when two or more bubbles are
present in one cell, the percentage of cells that contain merging bubbles is

B(x>2) = 2 B, (x) (58)

or
Py(x>2) =1 -B,(0) - By(1) =1 - e "8V98(1 + ng o) (5b)

Since Pu(x > 2) is by definition the percentage of cells covered by two or
more bubbles or merging bubbles, it is the area fraction covered by merging
bubbles

Py = By(x>2) =1 - e avPs(q 4 Ny Pg ) (6)

This equation will give the area fraction of merging bubbles if the mean in-
stantaneous bubble population ngy and mean area of influence of a single
bubble are known. These two terms can either be obtained experimentally or
analytically. The next two sections constitute the second step of analysis,
namely, determination of ngy and Ag analytically.

Mean area of influence of a single bubble. - According to the assumed
basic model, the mean area of influence is the area within 1 bubble diameter
of the nucleation center, and the bubble diameter is the time average of a
growing bubble

g
Dgy = éL D(t)at (7a)
g
0
or
tg
1
Rgy = iy R(t)dt (7b)
0

The term bubble radius R{(t) can be obtained through bubble growth infor-
mation. Although many theoretical equations are available, it is more con-
venient to use the empirical expression R = atb, where b = 0.4 (ref. 15).
Since the process of computing the time-average radius Rgy involves inte-
gration of R(t), small deviations in R(t) usually will be evened out. Thus

10



b
R = a_ tbdt - atg = Rd - Rd.
av tg b+ 1 1+Db 1.4
0

As to the departure radius Ry, Staniszewski's empirical expression will be
used

for b = 0.4 (7¢)

Ry = Rp(1 + 10.44 Ry) (8)

where Ry 1is in feet per second, and Rq and Rp are in feet; Ry 1is the
departure radius according to Fritz' equation

RF = 0.4215 B g,(‘b% (9)
1 7 My

in which B 1is the contact angle in radians.

Unfortunately the growth rate at departure Ry involved in equation (8)
can no longer be calculated from the expression R = atb, partly because the
exponent b actually varies with time and partly because the coefficient a
should be a function of an experimental condition such as heat flux, sub-
cooling, pressure, or cavity size. Thus, an expression for the growth rate R
as a function of the test condition should be used.

Although many bubble growth equations are available, only a few consider
the effect of the bulk turbulence by including terms that describe the thermal
layer or the heat dissipation to the bulk. Among such equations are those
proposed in references 3, 16, and 17. The equation in reference 16 would be
quite convenient to use if both A, and gy were known. Unfortunately, the
growth expressions in references 3 and 17 are rather clumsy to use. If only
the bubble growth rate at departure is of interest, however, the situation is
somewhat simpler because of the fact that in the later stage of bubble growth
the sensible heat stored in the superheated layer enveloping the bubble should
have already been exhausted. Therefore, the bubble is losing heat to the sur-
rounding bulk and receiving heat from the bubble base. (This heat may be in
the form of evaporation of microlayer, as shown in ref. 18.) The bubble growth
rate at departure can be easily derived, by following the procedure in refer-

ence 3, as
R _ 1 '_AE - K ATsub (lO)
" Ry \Bg ¢ 5

where Ab/AB 0.25 1if the bubble at departure can be assumed to be a truncated
sphere with a contact angle between 45° to 60° (cf., ref. 3) and & is the
thermal-layer thickness. The information about thermal layer thickness of a
boiling fluid is very meager, but there are a few measurements (refs. 6

and 19). Therefore, if the thermal layer thickness & is known, by using



equations (8) to (lO), the bubble departure size can be determined.

Instantaneous bubble population. - The instantaneous bubble population
should be differentiated from the commonly used term "bubble population.” The
latter is actually a misnomer. When the bubble columms during the boiling or
the number of aureoles left on a plate after bolling are counted, only the
population of the bubble nucleation sites is determined, not the bubble popula-
tion at any moment. The relation between site population N and the in-
stantaneous bubble population n can be likened to that between the number of
houses in a block and the number of families at home at a given moment. It is
easy to see that these two populations can be related by the equation

tg,av

Bav = ¢ T N = tg,avfavN

2 (11)
g,av W,av

The variation of N as function of g has been reported in many places, and,
unfortunately, the result varies widely. The difficulty stems from the diver-
sity of surface condition and hysteresis (refs. 2, 6, and 20). TUnless some
characteristic parameter other than root-mean-square roughness of a surface can
be found to account for cavity size distribution, it is futile to try to corre-
late N against q; however, the site population N dis still a gquantity much
easier to determine experimentally than the instantaneocus bubble population n.
Thus, it is still worthwhile to obtain n through N.

The mean frequency fgv can easlily be determined through the expression
in reference 16

1/4
(o - o, er|Y
fD = 0.59|———%—— (12)
Py

which yields

) 1/4
_ 0.59 (pZ pv)gY

- (13)
Dy, av Py

fav

The time of growth period tg can readily be calculated through

tg
Rq = / R at (14)
0

provided ﬁ(t) and Ry are known. Ags mentioned before, an empirical expres-
sion can be used, namely,

1z



Ry = abtp™l (16)

g
Ra _ %g
o -
or
bR
i (17)
Ra

Thus from equations (8), (10), and (17) the growth period tg can be calcu-
lated. Strictly speaking, equation (10) can be used to replace equation (16),
only when the empirical form (eq. (16)) is identical to the analytical form
(eq. (lO)); however, an underestimated growth rate R tends to give an over-
estimated growth period tg and an underestimated departure diameter Dg. The
result is that the two errors tend to compensate each other in the product of
mean bubble population and mean area of influence

(D)4

2
n A, =t 7D (18)
av s g Dd a

Calculation of area fraction covered by influence of a single bubble
(calculatlon of Ps,av,calce from Dgy, cale)- - The mean influence area frac-

tion covered by a single bubble can be computed from the time-averaged diameter
of a bubble Dgy by using equations (2a) and (2b), except that Dgy will be

used in the place of D. The ¢g thus computed will be @g ay,cale. Strictly
speaking, @s,av,calc should be an average of @g,calc Wwhich, in turn, should

be computed from D(t) as shown in equation (2c). Since only an estimation was
intended, @g,av,calc can be directly computed from Dav,calc-

Comparison of Experimental Data with Analysis

The quantitative result will be compared with the model derived in the
section Analysis in two steps also. The first step will be to check whether
the area fraction of merging bubbles ¢ based on the Poisson distribution
(eq. (8)) can be used to relate ¢ with the experimental values of the mean
area of influence of a single bubble @4 ,EXD and the mean instantaneous bubble

population ngyv,exp- The second step will be to test whether equations (8)
and (11) can be used to predict og ,exp and gy ,eXps respectlvely, and

whether the calculated product (cpsnav)calc can be used to predict the merging

bubble area fraction Pm,exp-

Relation between area fraction of merging bubbles ¢y against product of

measured values of mean area of influence of single bubble and mean instanta-
neous bubble populatlon (nav$s) - To test equation (6), mm,av,exp was

exp”

13
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Figure 4. - Area fraction of merging bubbles as function of measured average number of bubbles per cell.

plotted against (ngyPs av)exp (fig. 4(a)). The solid curve represents equa-
tion (6). Bach circle represents the mean values obtained from one roll of
film. Figure 4(b) shows a similar plot on rectangular coordinates to show the
standard deviations assoclated with each average area fraction of merging
bubbles for the samples studied. (The experimental values of standard devia-
tion are compared with the theoretically expected values in appendix B.)
Judging from the figures, the model is fairly close. Thus, if the mean bubble
population ngy and the mean area of influence of single bubbles ¢  are
given, the area covered by merging bubbles can be calculated. The values of
Ngy and Ps,av can either be obtalned experimentally in the same way that
figure 4 was constructed, or they can be estimated from test conditions
through bubble departure size, bubble growth rate, and frequency by using the

available equations.

Comparison of calculated and measured bubble departure diameters Dy g7
. : CSeat

and Dy exp: - To estimate @s;év: it is necesséry to know the departure diame-

ter Dj. Equations (8) and (9) were used to compute Dg with departure growth

14



rate Rd computed from equation (10). The thermal layer thickness & used
in equation (lO) was determined from the experimental measurement of refer-
ence 10 by matching the heat-transfer coefficient for the case of water

(8 =~ 1072 ft). For the case of methanol, the thermal layer thickness was
assumed to be 2X10™9 feet. The calculated values of Dy are then compared
with the experimental ones derived through equation (7a). The comparison is
shown in figure 5. It can be seen that most points are within a *20 percent
error(l%mit, which is about the same as the 25 percent error limit of equa-
tion (8).

Comparison of calculated and measured mean instantaneous bubble popula-
tion ngv,calc and ngyv,exp: - To test equation (11), the mean instantaneous

bubble population ngy was calculated from the experimentally determined site
population N together with the calculated frequency fgy and growth period
tg,av The bubble frequency £y Wwas calculated from equation (13) by using
the calculated departure diameter Dg cg1. The groyth period ty, 5y Wwas cal-
culated from equation (17) by using dyealc 2nd Rg,calc (from 2q. (10)).

The comparison with ngv,exp is shown 1n figure 6. The +60 percent error
limits are also shown in ’the figure, which are the error limits associated with
eyuation (12).

Comparison of measured merging bubble area fraction O ,exp with that
obtained from the calculated average instantaneous bubbles per cell

(nav®s)egic- - BY using equations (2a) and (2b), 9g,av was computed from
Dav,cale- In filgure 7, the product (@s,avnav)calc was plotted with the
average area fraction of merging
e bubbles Qp gy Also shown in fig-
o Average value for one ure 7 is thé theoretical curve from
rolf of film +20 Percent equation (6). Although there is
P 12 /4 scattering, the result is still
&
. / /
E_ .10 & | | | 60 Percent ,
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Figure 5. - Comparison of calculated and measured bubble departure Figure 6, - Comparison of calculated and experimental
diameters, values of average instantaneous bubble population,
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1 quite gratifying considering
all the crude assumptions be-

‘f._ ,//”/// ing made and the large error
6 //////// limits associated with the
L o empiricism of equations (8)

- o .//// and (12). Thus, it is shown

4 o //// that an estimate of the area
0%/ covered by merging bubbles

-3 can be based on the test con-

ditions (heat flux, pressure,
subcooling, ete.) provided
that the site population is
known.

[o]
CONCLUDING REMARKS

08 In the nucleate-boiling
regime, 1f both discrete
bubbles and merging bubbles
are present, the overall
.04 ° heat-transfer coefficient
will have to be determined by
.03 ' considering the contribution
due to both bubbling mecha-
nisms. Even if the heat-
transfer process of each
] o Average value for one mechanism were known, a
o CalrcollJII:tfeL”fTom e (6 weighting factor would be

needed to determine the rela-

.ol I ( I I tive co i i
36 .9 L2 15 18 21 24 27 3.0 ontribution of each
Calculated average number of bubbies per cell, (N @ a)o1c mechanism.

Figure 7. - Area fraction of merging bubbles as a function of calculated average . . .
number of bubbles per cell. One possible weighting
factor would be the area
fractions of merging bubbles and discrete bubbles. Based on the result ob-
tained from the boiling of methanol and water on a narrow heating strip, it is
found that the transition from the discrete-bubble regime to the merging-bubble
regime is gradual. Furthermore, the results showed that the area fraction of
merging bubbles can be predicted satisfactorily from the Polsson distribution
if the average number of bubbles per cell is known. (The cell is defined as
the average area of influence of a single bubble.)

N

Mean area fraction covered by merging bubbles, Pm. av

T ——

.02

It is desirable to be able to determine the average number of bubbles per
cell a priori. A method of estimating this item based on crude assumptions
and empirical equations was proposed in this report. The maximum error assocl-
ated with the estimated values was roughly 100 percent; this percentage might
be due to the large errors introduced into the basic empirical equations. If
a better method is available for estimating the bubble size and bubble popula-

16



tion, more accurate estimations of the number of bubbles per cell and, thus, of
the area fraction of merging bubbles might be possible.

Tewis Research Center
National Aeronautics and Space Administration
Cleveland, Chio, September 14, 1964

17



APPENDIX A

PROBABILITY FOR FORMATION OF BUBBLE CLUSTERS

The analysis in the text assumed the Poisson distribution of bubbles over
the cells. ©Such an assumption implies the division of the heating surface
into cells and the existence of artificial boundaries between the cells. Thus,
when there are two bubbles falling into two neighboring cells but within each
other's area of influence, they are not considered to be merging. Such an
assumption tends to underestimate the fraction of merging bubbles. The under-
estimation might have been somewhat compensated for, however, by a slightly
overestimated area of influence. Besldes, if there are many empty cells
surrounding the cells occupied by the bubbles, the cell boundary can be
shifted to fit the bubbles without causing much error.

Nevertheless, a more rigorous treatment of bubble merging can be proposed
by considering the probability for the clustering of bubbles.

Consider n bubbles on a heating surface A, each bubble having an area
of influence ag. The probability that another bubble will fall into the area
of influence of a given bubble is aS/A, while the probability that another

bubble will not fall in the vicinity of a given bubble is 1 - ag/A. There-
fore, the probability of having a single bubble in its area of influence is

(1 - as/A)n_l. The number of single bubbles is then

n-1
ny = 1’l<l - KS) (Al)

By the same reasoning, the probability of having only one bubble fall within
the area of influence of a given bubble is

n-2
- 1 a a
(n - 1) <-—5> (A2)
The general expression for the number of clusters of 1 bubbles is

n (n - 1)! ag -1 ag n-i
I U H CREE O <T> <1 B T) (A3)

The total number of bubbles involved n should be obtained by summing all the
bubbles in clusters of various sizes:

18



i-1 n-i

n n
2 ing = 2 (nn-(ni);(:iL)i )T <%> (l i} iA§>

i=1 i=1

i- n-i
n i-1

- 1)! @ a
=n ) (n -(ril)z(i)- 1)t (TS> (l ) -AE) (he)

i=1

Since the terms within the summation sign in equation (A4) are nothing more
than the binomial expression (p + q)n'l, this term should be unity. Thus

Hence, the fraction of bubbles that are single is, from equation (AL),

while the fraction of clustering bubbles is

5||E

ylz

a \*~
fi>1=1-3r1=1-<--§> (46)

It is interesting to note that 3rl and Fi>; are functions of the total
number of bubbles involved. In other words, even if the bubble population den-
sity is the same, the clustering fraction should change when the heating area
is increased, and thus the total number n will be increased. However, the
functions 37i and F;~7 should reach a limit when n approaches infinity:

-1
limg_lzlim<l_a_s>n =1im[l_(n_l)%g+(n-1)én-z)<ja§)2

oo >0 A Tr+c0
( X X ) (2 °
- n-1l)n-~-2)n -3 s
- z1 (T) + . . . (A?)
Since n ag/A =p and
ag m
=% =g

then
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2
_ (n - 1) (n-1)n-2) fu _(@-3)p
llmfl=l" n + 2 n 1 3 n
n->00
2 3
-7 - B B
+ . = 1 H+21 51+ .
Therefore,
2 3
lim _ P'__E__;- A
Il——>oofl_l_u+2' 3! (48)
. 2 3
lim _ [T
o Fid1 =l -F =0 -eT TR (89)

Note that p = naS/A is independent of the size of the heating area.

The comparison of theoretical (eq. (A5)) and experimental values of &7

is shown in figure 8.

10 /,
8 b ’;/i
. / o

4 - _ko /
FIRYAS

Experimental single bubble fraction, f exp

0 2 4 6 8 1

Caiculated single bubble fraction, f] ca1¢

Figure 8. - Comparison of theoretical and experimental
values of single bubble fractions.

To determine the area fraction
covered by merging bubbles from the
fraction of bubble clusters, the area
occupied by each cluster ai must be
given; for example,

Pn = i (A10)

.
[l B
AV}
o
A
H

Since a4i 1is not readily known, however,
¢, cannot be obtained from £, by
using equation (A10).

Of course, assumptions can be made
about aj as a function of ag, but such
assumptions involve uncertainties. Con-
sequently, although the analysis in the
test, which assumes a Poisson distribu-
tion of bubbles over the cells, is -less

rigorous, it does provide the advantage of circumventing the difficulty of de-

termining ajg.
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APPENDIX B

ESTIMATION OF VARTATION ASSOCIATED WITH AVERAGE
AREA FRACTION OF MERGING BUBBLES

Consider a heating strip with area A that is divided into nyg cells,
each cell being equal to the mean area of influence of a single bubble ag4.

If there are np cells found to be occupled by two or more bubbles and
causing the coalescence of bubbles, there will be a fraction of area
Py = nm/nt occupied by the merging bubbles.

When %k motion picture frames were studied, it was found that there was
an average value of Op

|_I

k
Pm,av = i Zl Pm g
1=

and a deviation

z 2
Z (Cpm - cpm,av)
1
_i=1

52

k

The problem is whether or not the deviation s 1s theoretically expected.

If k is large (say 50 to 100), it can be assumed that @y gy = Mg 1is
m

the probability of finding the merging bubble cells. Now consider the problem
as that of finding the theoretical deviation o for a binomial distribution.

o = y/pa/n

\/¢m,av(l - Pm,av)/nt

A 1

ag  Pg,av

nt—

or

)
o =‘/7A_— CPm,av(l - (Pm,av) =\/CPs,av(Pm,av(l - cpm’av)

The comparison between s and o is shown in table III.
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TABLE I. - EXPERIMENTAL DATA

Run Test Bulk Heat Sub- Total Total Number Average Average Average Standard Total
fluid  tem- flux, cooling number  number of instan- area area devia~ number
pera- a, temper- of of merging taneous frac- frac- tion of
ture, Btu ature frames single bubbles bubble tion of tion of associ- bubble
OF hr)(sq ft) differ- studied, bubbles studied popula- influ- merging ated sites,
ence k studied tion, ence of bubbles, with N
between in roll, n,, bubble, @m,av @m,av
and bulk,
ATsub,
°F (a)
2-12-4-1 Water 201 21,150 11 101 128 87 2.13 0.121 0.0451 0.0929 13
62-12-4-2 197 23,950 15 100 162 43 2.05 .102 .0182 .0451 10
2-12-4-3 198 32,000 14 102 172 51 2.19 .109 .0240 .0649 15
62-12-4~5 199 49,500 13 99 268 57 3.28 .138 .0402 .0936 18
62-12-4-6 196 41,500 16 102 193 35 2.24 .128 L0171 .0533 19
63-1-14-6 Methanol 132 48,300 16 96 328 57 4.01 0.143 | 0.0291 0.0702 18
63-2-6-1 137 92,900 11 50 139 86 4.50 .186 .115 .135 21
63-2-6-2 137 104,900 11 56 155 187 6.11 ..185 .255 .225 20
63-2-6-3 140 120,700 8 47 130 202 7.06 .208 . 3695 .214 30
63-2-6-4 139 135,000 9 50 92 373 9.30 .189 .535 .216 30
63-7-2-2 128 73,100 20 } 55 135 447 10.58 .182 470 .183 19
63-7-8-1 111 68,400 37 70 263 196 6.58 .109 .110 <117 20
63-7-8-4 119 88,200 29 56 119 472 10.55 .121 .358 .167 26
63-7-8-5 119 82,600 29 49 124 385 10.39 .136 . 327 .152 27

8values for methanol in this column are changed from those reported in ref. 21 because the calculation of Qg L8V
is based on eq. (2c) in this report, while g 5y
but the changes are not large enough to alter %he result.

S2

was calculated for D

by using egs. (2a) and (2b);
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TABLE II.

- BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16~ by 3/4-in. heating strip.]

(a) Test fluid, water; run 62-12-4-12

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area |Sites|Number| Site Site Area
center width frac- of center width frac- center width frac- of center wildth frac-
tion, merg- tion, tion, merg- tion,
? ing P Ps ing P,
s bub- " bub-~ m
(v) (p) bles (b) (b) | (v) (v) I bles (o) (b)
0 3 5.640 0.384 0.198 0 1.042 Cg.221 0.130
6.445 0.877 0.464 1927 0 1 2 7.035 0.235 0.037
7.072 0.162 0.070 1965 1 T.047 0.211 G.l19 1 2 5.828 0.580 0.146
30 1 7.072 0.162 0.070 o} 2000 1 7.060 0.185 0.091 0
80 1 7.067 0.172 0.079 0 2029 1 7.058 0.189 0.095 1 2 5.816 0.559 0.140
120 1 7.074 0.158 0.066 0 2069 1 7.051 0.203 0.110 0
160 1 7.081 0.143 0.054 1 3 54653 1.066 0.279 2117 2 5.734 0.357 0.183 [
195 0 L 2 6.906 0.493 0.122 7.067 0.171 0.078
240 1 7.076 0.153 0.062 0 2192 1 7.062 0.181 0.087 0
270 1 7.086 0.133 0.047 4] 2237 1 T7.065 0.176 0.082 Q
325 1 7.070 0.166 0.073 0 2274 2 6.003 0.304 0.2406 0
365 3 3.603 0.427 0.222 0 7.056 0.194 0.100
4.477 1.099 0.582 2317 2 5.733 0.343 0.176 0
7.079 0.148 0.058 7.073 0.160 0.068
400 1 5.988 0.245 0.160 2 E] 4.350 1.398 0.377 2347 1 7.063 0.180 0.086 0
2 7.074 0.157 2397 1 T.063 0.180 0.0806 Q
443 2 5.698 0.179 0.085 I 2 1.067 0.171 0.010 2437 0 1 3 6.815 0.676 0.173
5.998 0.220 0.129 2473 2 3.651 0.341 0.175 2 3 S5.4067 0.6%6 0.281
489 1 5.705 0.176 0.082 1 2 7.056 0.193 0.012 6.030 0.296 0.233 2 6.919 Qa4b6T
519 1 7.068 0.169 0.076 o 2516 0 1 2 7.052 0.201 0.027
564 2 5.985 0.287 0.219 0 2551 2 5.964 0.182 0.088 0
7.068 0.170 0.077 7.057 0.192 0.098
601 1 7.074 0.158 0.066 0 2584 1 7.053 0.200 0.1006 0
653 2 5.709 0.343 0.176 (4] 2624 1 7.066 0.174 0.081 0
7.080 0.146 0.057 2705 1 7.071 0.164 0.07¢2 0
685 1 7.072 0.162 0.070 (4] 2745 2 5.720 0.149 0.059 ]
715 2 5.849 0.358 0.184 4] 7.073 04160 0.068
7.066 0.173 0.080 2790 1 7.088 0.129 U.060
754 2 3.674 G.460 0.240 1 2 7.051 0.20% 0.028 2826 2 3.700 0.405 0.210 2 54892 0+492 O.l21
6.001 0.325 0.166 7.079 0.148 0.058
799 3 4.954 0.848 0.448 1 2 6.816 0.674 04172 2864 1 7.074 0.157 0.0606 0
5.643 0.275 0.201 2907 1 7.086 0.133 0.047 0
5.987 0.364 0.187 2953 2 5.698 0.276 0.203 0
833 1 4.985 0.499 0.261 1 3 6.808 0.689 0.177 7.067 0.171 0.078
883 0 1 2 T7.047 0.211 0.030 2993 1 7.064 0.178 0.084% 0
927 4 3.68% 0.398 0.206 0 3025 2 5.695 0.288 0.221 0
5.712 0.156 0.065 6,006 0.273 0.198




L2

5.979 0.089 G.021 3063 1 7.082 0.141 0.053 0
7.061 0.184 0.09C 3103 2 5.982 0.316 0.161 0
958 1 7.075 0.155 0.064 0 7.070 0.166 0.073
1001 2 5.991 0.143 0.054 0 3146 2 3.657 0.534 0.280 0
7.065 0.176 0.082 4.060 0.161 0.069
1033 2 5.722 0.199 0.105 0 3193 2 5.997 0.185 0.091 0
7.073 0.160 0.068 7.084 0.138 0.051
1063 1 7.054 0.198 0.104 0 3228 1 5.718 0.182 0.084 1 2 71.097 0.112 0.004
1095 0 2 2 5.883 0.640 0.200 3273 0 L 2 6.800 0.706 0.181
2 7.03% C.235 3313 2 5.744 0.226 C.136 1 2 6.814 0.678 0.174
1140 3 3.663 0.358 0.184 0 6.047 0.316 0.161
5.970 0.271 0.19%6 3359 1 7.106 0.094 0.02¢ o
1.072 G.162 0.070 3393 1 7.102 0.101 0.027 0
1180 1 7.072 0.162 V.070 0 3423 1 7.110 0.086 0.020 0
1223 3 5.687 0.242 0.156 0 3473 2 5.712 0.10% 0.029 0
5.970 0.221 0.130 7.095 0.116 0.036
7.046 0.214 0.122 3513 o 1 2 7.091 0.123 0.005
1261 1 7.057 0.192 0.098 Q 3548 0 1 2 1.056 0.193 0.012
1311 1 7.070 0.166 0.073 0 3593 1 5.715 0.348 0.178 1 2 6.996 U.313 0.065
1359 2 3.675 0.415 0.215 1 2 5.503 0.808 0.209 3636 0 1 2 7.056 0.193 0.012
7.0606 0.174 0.081 ’ 3674 2 5.983 0.331 0.169 o
lall 1 7.065 0.176 0.082 0 7.086 0134 0.048
laal 1 7.057 0.191 0.097 0 3705 1 7.093 0.120 0.038 1 3 5.571 0.927 0.242
1486 1 7.059 0.187 0.093 0 3743 0 2 2 5.454 0.641 0.176
1521 2 3.644 0.509 0.266 1 4 6.528 1.250 0.329 2 7.054 0.197
54615 0.231 0.142 3776 1 7.095 0.116 0.036 o
1571 0 1 4 6398 l.510 0.398 3820 1 7.12% 0.055 0.008 0
1600 1 4.173 0.642 0.338 1 2 7.044 0.217 0.031 3858 1 7.110 0.086 0.020 o]
1640 1 7.040 0.226 U.130 0 3906 1 7.092 0.122 0.040 0
1690 1 7.039 0.227 0.137 ] 3944 2 6.009 0.136 0.049 0
1733 1 5.708 0.257 0.176 L 2 7.049 0.208 0.029 7.093 0.119 0.038
1766 0 1 3 T.044 0.218 0.032 3987 3 3.796 0.356 0.183 0
1813 1 7.057 0.191 - 0.097 0 ) : 5.731 c.182 0.0838
1858 2 5.995 0.258 0. t7¢ 0 7.098 0.109 0.032
7.045 0.215 0.123 4025 0 1 4 6.542 1.221 0.321
1890 2 5.713 0.295 0.232 0

Total number of sample frames, k, 101.

Total number of single bubbles, h, 128.

Total number of merging bubbles, 87.

Average lnstantaneous bubble population, ngy, 2.13.

Average area fractlon of influence of single bubble, gg av, 0.121.
Average area fraction of merging bubbles, Pm,avs 0.0451°

Standard deviation assoclated with ®m,avs O- g.

3This run was handled in a special manner: For each merging bubble group, the center of its width of influence is indicated. Depending on the comparison be-
tween this width of influence and the given base value of 0.20, one of two methods of computation was used in evaluating the average area fraction of merging
bubbles. If the width was greater than the base value, the area of influence at each site was evaluated as one single area. If the width was less than or
equal to the base value, the area of influence was evaluated by dividing the width by the number of merging bubbles at each site and summing the resulting
areas.

b3.765 movlie analyzer units equal 0.75 inch; left end reading, 3.390; right end reading, 7.153.
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TABLE II. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER
[1/16- by 3/4-in. heating strip.)
(b) Test fluid, water; run 62-12-4-2
Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area (Sites|Number | Site Site Area Sites |Bubble Bubble Area [Sites |Number| Site Site Area
center width frac-' of center width frac- center width frac- of center width frac-
tion, merg- | tion, tion, merg- tion,
95 ing \ P s ing Pm
bub- bub- |
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
0 2 $5.216 0.170 0.074 0 1965 2 4.977 0.216 0.120 0
6.379 0.130 0.043 ! 6.387 0.084 0.018
30 3 4.153 0.386 0.195 2 2 2.661 0.375 0.202 2000 1 4,288 0.499 0.256 0
6.187 0.136 0.047 2.833 0.217 2029 3 4.295 0.289 0.214 0
6.282 0.106 0.029 2 4.839 0.315 4.954 0.193 0.095
5.119 0.195 6.413 0.065 0.011
80 2 4.934 0.382 0.193 0 2069 2 2.937 0.319 0.261 )
6.396 O.l21 0.038 6.352 0.104 0.028
120 1 6.324 0.164 0.069 Q 2117 2 5.224 0.185 0.088 0
160 1 54096 0.082 0.017 1 2 6.160 0.129 0.018 6.421 0.077 0.015
6.280 0.110 2152 1 6.413 0.088 0.020 0
195 2 5.190 0.176 0.079 0 2192 1 6.192 0.143 0.052 1 2 4.875 0.294 0.08%
6.393 0.084 0.018 5.137 0.230
240 1 44496 0326 0.163 1 2 6.212 0.100 0.011 2274 1 6.265 0.110 0.031 1 2 4,746 0.238 0.116
6.295 0.087 5.045 0.361
270 3 2.895 0.148 0.056 0 2317 4 2.905 0.155 0.062 0
5.216 0.158 0.064% 6.121 0.070 0.013
64405 0.060 0.009 6.272 0.177 0.080
325 1 44254 0.499 0.256 0 6.401 0.071 0.013
365 2 4.229 0.341 0.171 o 2347 1 6.425 0.070 0.013 0
64405 0.092 0.022 2397 1 6344 0.185 0.088 o
400 1 6.220 0.247 0.156 1 2 4.858 0.240 0.085 2437 1 6.316 0.176 0.079 o
54115 0.274 2473 2 5.966 0.351 0.177 0
443 3 4.948 0.210 0.113 Q 6.289 0.258 0.171
5.230 0.288 0.213 2516 2 5.215% 0.137 0.048 0
6.349 0.148 0.056 6.425 0.062 0.010
489 1 6.268 0.118 0.036 1 2 4.850 0.240 0.103 255) 3 2.922 0.214 0.117 0
5.130 0.321 4.945 0.083 0.018
519 1 6340 0.109 0.030 o 6.387 0.110 0.031
564 1 6.289 0.250 0.160 0 2584 2 5.237 0.210 0.113 0
601 1 6.293 0.122 0.038 1 2 4.992 0.383 0.134 6.399 0.091 0.021
5.191 0.271 2624 3 42262 0.636 0.328 0
653 2 2.846 0.348 0.175 1 2 6.238 0.126 0.014 4.950 0.245 0.154
5.105 0.277 0.197 64325 0.080 6.384 0.083 0.018
685 1 5.862 l.246 0.648 0 2673 2 4,295 0.322 0.161 0
715 1 6.029 0.082 0.017 o] 6.341 0.121 0.038
754 1 6.337 0.202 0.105 0 2705 1 4.254 0.532 0.273 0
799 1 64235 0.112 0.032 1 2 4.176 0.997 0.157 2790 4 2.913 0.102 0.027 0
4162 0.116 4.670 0.299 0.229
833 1 6.307 0.125 0.040 1 2 4.l46 0.458 0.128 54238 0.208 0.111
4.128 0.173 6.418 0.077 0.015
883 2 4.648 0.614 0.317 0 2826 3 4.921 0.233 0.139 4]
6.392 0.185 0.088 5.228 0.175 0.079
927 1 4.703 0.366 0.185 o N 6.406 0.074 G.01%
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958 4 2.921 ~ 0.309  0.245 0

3.689 0.379 0.192
4.220 0.554 0.285
6.382 0.079 0.016
1001 1 4.298 0.249 0.159 0
1033 2 5.231 0.249 0.159 0
64,398 0.077 0.015
1063 2 40963 0.126 0.041 0
6.375 0.101 0.026
1095 1 5.139 0.164 0.069 1 2 6.246 0.125
6.332 0.078
1140 1 6398 0.081 0.017 0
i180 2 4.959 0.403 0.205 0
6.388 0.107 0.029
1261 0 2 2 4.828 0.381
5.108 0.178
2 6.206 0.105
6.302 0.l107
1311 1 5.211 0.093 0.022 0
1359 i 6.252 ¢.100 0.026 1 2 4.838 0.341
4.871 0.138
1411 3 4.250 0.234 0.140 0
5.204 0.196 0.098
64366 0.092 0.022
1441 2 2.876 0.452 0.231 0
. 6.344 0.112 0.032
1486 1 3.916 2.350 1.225 1 3 5.894 0.370
5.866 0.089
. 6.135 0.176
.- 1521 L 6.344 0.126 0.041 0
1571 1 6.363 0.070 0.013 )
1600 1 6.317 0.114 0.033 o
1640 2 5.211 0.138 0.049 0
6.275 0.134 0.046
1690 2 4,254 0.260 0.173 0
4.613 0.306 0.240
1733 i 6.319 0.095 0.023 0
1766 1 2.798 0.091 0.021 1 2 6.234 0.073
6.312 0.083
1813 1 6.338 0.102 0.027 0
1858 2 5.217 G.117 0.035 ]
6325 0.090 0.021
1890 3 4e947  0.047 0.006 0
6.296 0.120 0.037
6.434 0.068 ¢ 0.012
1927 2 5.225 0.104 0.028 0
6.360 0.100 0.026

0.014

0.121

0.085

0.107

0.008

2864
2907
2953
2993
3025
3103

3146

3193
3228
3273
3313

3359
3393

3473
3513

3548

3593

3636

3674

3743
3776

3820

3858
3906

3944

N

o

—

4.686
6.404
6.387
6.364
6.370
2.928
6.359
5.229
6.430
44941
5.217
5.954
6.375
2.909
6.387
6.381
2.870
5.201
5.685
6.256
6.413
2.950
4,957
5.226
6.421
4.190
6.301
3.438
44337
6.351
4.222
4.977
6.439
6.425
4.838
6,278
6.346

6.288
6.014
4.954
5.228
b.442
6.424
5.247
6.394
64357

0.419
0.089
0.100
0.071
0.078
0.430
0.111
0,120
0.057
0.233
0.140
0.235
0.071
D.443
0.063
0.076
0.440
0.152
0.771
O.16%
0.102
0.354
0.193
0.136
0.083
0.552
0.085
0.720
0.402
0.128
0.511
0.374
0.077
0.068
0.111
0.108
0.089

0.166
0.265
0.139
D.252
0.074
0.071
0.185
0.072
0.119

0.213"

0.020
0.026
0.013
0.01le6
0.219
0.032
0.037
0.008
0.139
0.050
0.142
0.013
0.226
0.0l10
0.015
0.224
0.059
0.399
0.066
0.027
0.178
0.095
0.047
0.018
0.284
0.019
0.372
0.204
0.062
0.262
0.189
0.015
0.012
0.032
0.030
0.020

0.071
0.180
0.050
0.163
0.014
0.013
0.088
0.013
0.036

ocococo o ocooe o

oo

-0

coco

oo

4.984
5.230

4.569
4.558
4.168
4.545

O.4606
0.153

0.524
0.112
0.356
0.399

0.126

0.136

0.170

Total number of sample frames, k, 100,

Total number of single bubbles, h, 162.

Total number of merging bubbles, 43.

Average instantaneous bubble population, ngy, 2.05.

Average area fraction of influence of single bubble, 9s,av, 0.102.
Average area fraction of merging bubbles, Pm,avs 0.0182]

Standard deviation assoclated with op ay, 070451.

83,835 movie analyzer units equal 0.75 inch; left end reading, 2.650; right end reading 6.485.
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TABLE II. - Continued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER
{1/16- by 3/4-in. heating strip.]

(¢) Test fluld, water; run 62-12-4-32

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area |Sites |Number | Site Site Area
center width frac- of center width frac- center width frac- of center width frac~
tion, ‘merg— tion, tion, merg- tien,
? ing @, ing P,
8 bub- " s bub- m
(p) (b) bles (b) (v) (v) (v) bles  (b) (p)
0 1 6.873 0.080 0.016 0 4.741 0.4l2 0.206
30 1 6.840 0.109 04030 0 7-000 0.103 0.026
80 2 5.401 0.166 0.069 0 2274 2 4.228 0.655 0.334 0
6.863 0.157 0.062 6.999 0.112 0.031
120 2 4.606 0.255 0.162 1 2 5.229 0.781 0.175 2317 1 4.208 0.390 0.195 0
6.895 0.113 0.032 2347 2 3.425 0.414 0.208 0
160 2 6.189 0.391 0.195 0 6.972 0.102 0.026
6.889 0.136 0046 2397 3 3.259 0.192 0.092 0
195 1 6.883 0.100 0.025 0 5.776 0.152 0.058
240 1 3.170 C.l74 0.076 0 7.009 0.075 0.014
270 1 6.888 0.132 0.043 0 2437 4 3.411 0.347 0.172 0
325 2 4,477 0.313 0.245 0 5.476 0.280 0.196
5.421 0.299 0.223 5.787 0.225 0.126
365 1 6.935 0.074 0.014 1 3 6.307 04656 0.090 6.989 0.074 0.014
4Q0 2 3.331 0.018 0.01l% Q 2473 1 6.970 0.091 0.021 1 4 6.127 1.497 0.329
6.925 0.102 0.026 2624 2 6.868 0.069 0.012 0
449 L 6.928 0.103 0.026 0 7.007 0.055 0.008
519 2 4,031 0.321 0.257 0 2673 3 44569 0.714 0.364 0
6.875 0.210 0.110 5.534 0.254 0.161
564 1 6.876 0.207 0.107 1 4 5.361 1.008 0.159 6.986 0.100 0.02%
601 2 4.494 0.139 0.048 0 2705 4 3.436 0.332 O.164 ]
6.902 0.155 0.060 4.609 0.087 0.019
653 1 6.924 0.112 0.031 o} 5.810 0.157 0.062
685 1 5.750 0.086 0.018 1 2 6.901 0.177 0.010 6.982 0.094 0.022
715 1 4.511 0.273 0.186 2 2 3.332 0.392 0.072 2745 4 3.245 0.181 0.082 1 2 5.673 0.512 0.082
. 2 6.854 0.280 3.909 0.657 0.335
754 3 3.833 0.218 0.119 2 2 4.458 0.189 0.025 4.626 0.382 0.191
5.468 0.291 0.211 2 6.897 0.214 7.003 0.097 0.023
S.T44 0.099% 0.024 2790 3 3.862 0.351 0.174 0
799 2 6.836 0.101 0.025 0 4.572 0.189 0.089
6.962 0.095 0.023 6.995 0.127 0.040
833 2 S.764 0.136 0.046 0 2826 3 4.670 0.188 0.088 ¢}
6.968 0.097 0.023 5.211 0.498 0.252
883 2 5.484 0.249 0.155 0 7.017 0.111 0.031
6.965 0.104 0.027 2864 2 5.328 0.333 0.164 0
9538 2 4.5417 0.098 0.02% [¢} 6.973 0.128 0.041
5.784 0.116 0.034 2907 4 3.278 0.232 0.134 0
1001 1 6.609 0.303 0,229 0 4.572 0.168 0.070
1033 1 4,208 0.663 0.338 1 2 6.958 0.133 0.006 5.801 0.149 0.05>
1063 3 4.202 0.432 0.217 0 7.019 0.087 0.019
5.207 0.582 0.290 2953 4 3.407 0.371 0.18% ¢}
6.9506 V.062 0.010 4.227 0.315 0.248
1095 1 5.167 0.393 0.190 1 2 0.924 0.196 0.012 5.809 0.193 0.093
1180 1 6.88y 0.263 0.173 0 6.981 0.118 0.03%
223 1 6.994 .081 0.016 3 2 6.491 0.850 0.19> 2993 1 6.958 0.142 0.050 0




e

1261
1311
1359
1411

1441

1486

1521

1571
1600

1640
1690

1733
1766
1813
1858

1890

1965
2000

2029

2069

2152
2192
2237

-

N

W

1
1
3

6.930
6.948
3.411
5.817
6.958
2.779
7.011
3.885
5.790
6.934
3.778
4.719
6.928
4,732
6.931
3.400
5.793
6.929
4,226
3.275
4.203
5.808
7.024
5.584
7.020
5.511
3.304
7.001
7.022
6.968
3.866
5.504
6.980
3.931
5.789
6.996
5.172
6.218
6.901L
6,992
4.748
3.418

0.073
0.073
0.245
0.071
0.077
0.142
0.065
0.717
0.066
0.109
0.422
0.811
0.124
0.319
0.081
0.289
0.228
0.153
0.597
0.198
0.419
0.260
0.076
0.314
0.075
0.156
0.248
0.075
0.083
0.082
0.379
0.180
0.091
0.418
0.177
0.116
0.148
0.240
0.145
0.063
0.763
0.364

0.013
0.013
0.150
0.013
0.01%
0.050
0.011
0.366
0.011
0.030
0.212
0.41%
0.038
0.254
0.016
0.209
0.130
0.058
0.303
0.098
0.210
0.169
0.014
0.2406
0.014
0.061
0.154
0.014
G.017
0.017
0.189
0.081
0.021
0.210
0.078
0.034
0.05%
0.144
0.052
0.010
0.390
0.181

-0 0

cooo oo ©

o~o

c o

2

2

2

R

5.965

54251

6.717

3.727

5.734

6.905

0.391

0.832

0.679

1.095

0.644

0.077

0.048

0.190

0.096

0.264

0.129

0.002

3025

3063

3146
3193

3228
3273
3313
3359
3393
3423
3473

3513

3548

3593
3743
3776
3820

3906

3944
3987
4025

N~ N

~N O~

—

54519
6.608
7.015
6.614
6.988
7.031
4.555
6.949
5.804
7.026
6.965
6.989
4,555
5.113
4.499

5.489
6.990
3.297
3.885
5.486
6.972
3.809
4527
5.495
6.969
4.548
6.968
3.220
4.169
4175
64954
4.558
5.691
6.993
5.464
5.768
6.584
6.967
3.247
4.536
6.923

0.272
0.514
0.099
0.365
0.15¢4
0.079
0.336
0.125
0.284
0.096
0.143
0.091
0.254
0.304
0.289

0.129
0.079
0.270
0.626
0.150
0.084
0.157
0.604
0.218
0.099
0.353
0.086
0.139
0.571
0.386
0.099
0.099
0.088
0.076
0.185
0.272
0.307
0.127
0.200
0.395
0.122

0.185
0.260
0.024
0.181
0.059%
0.016
0.166
0.039
G.201
0.023
0.051
c.021
0.161
0.231
0.209

0.042
0.016
0.182
U.319
0.056
0.018
0.062
0.307
0.119
0.024
0.175
0.018
0.048
0.290
0.193
0.024
0.024
0.019
0.014
0.085
0.185
0.235
0.040
0.100
0.197
0.037

orc -

[

oo

5.554

5.295

6.446

0.447

0.944

1.232

0.062

0.222

0.289

Total number of sample frames, k, 102,
Total number of single bubbles, h, 172.
Total number of merging bubbles, 51.

Average instantaneous bubble population, ngy, 2.18.

Average area fraction of influence of single bubble, ¢s avs 0.109.

Average area fraction of merging bubbles, Pm,av, 0.0240
Standard deviation associated with op ay,

10649

8This run was handled in a speclal manner:

merging bubbles.

resulting areas.

b3.886 movie analyzer units equal 0.75 inch; left end reading, 3.146; right end reading, 7.032.

For each merging bubble group, the center of its width of influence 1s indicated.
tween this width of influence and the given base value of 100.00, one of two methods of computation was used in evaluating the average area fraction of
If the width was greater than the base value, the area of influence at each site was evaluated as one single area.
than or equal to the base value, the area of influence was evaluated by dividing the width by the number of merging bubbles at each site and summing the

Depending on the comparison be-

If the width was less
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TABLE II.

- Continued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip.])
(d) Test fluid, water; run 62-12-4-5

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles j
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area |Sites|Number | Site Site Area
center width frac- of |center width frac- center width frac- of [eenter width frac-
tion, rn;arg— tion, tion, merg- tion,
9 ng 9 iny
8 bub- " Pe bub% om
(a) (a) bles (a) (2) (a) (a) bles (a) (a)
] 5 3.324 0.387 0.192 o ! 2000 " 1 6.865 0.192 0.091 [}
4.492 0.316 0.247 1 2029 5 3.315 0.407 0.203 0
54448 0.214 0.113 3.787 0.536 0.270
5.746 0.253 0.154 4.508 0.418 0.208
6.922 0.135 0.045 5.133 0.391 0.194
30 4 3.352 0.541 0.273 0 6.924 0.091 0.020
4,519 0.348 0.171 2069 1 6.902 0.145 0.052 [
:5.178 04243 0.146 2117 4 3.139 0.158 0.062 0
6,931 0.117 0.034 3.325 0.214 0.113
80 3 3.891 0.302 0.227 o 5.450 0.257 0.163
5.728 0.298 0.219 6.548 0.423 0.211
6.852 0.133 0.044 2152 ¢ 3 3.839 0.224 0.124 0
160 3 3.750 0.548 0.276 1 2 3.081 0.140 0.034 4.536 0.377 0.187
6.448 0.622 0.315 3.198 0.188 6.534 0.185 0.085
6.854 0.143 0.051 2192 1 6.796 0.139 0.048 1 2 5.409 0.278 0.062
195 4 3.092 0.173 0.074 1 2 5.348 0.400 0.104 5.623 0.151
3.271 0.264 0.172 5.623 0.151 2237 [ 1 2 3.1406 0.273 0.108
4.397 0.428 G.214 3.300 0.316
6.851 Deléé 0.051 2274 1 5.022 0.193 0.092 1 2 5.369 0.294 0.064
240 2 4.404 0.560 0.283 1 3 5.006 0.572 0.232 5.648 0.15%
6.821 0.202 0.101 5.4568 0.329 2317 3 3.073 0.134 0.044 ) 2 6.433 0.63% 0.176
5.725 0.209 4.416 0.474 0.238 6.842 0.183
270 3 3.160 0.166 0.068 o 5.368 0.221 0.121
4,582 0.341 0.168 23417 3 5.452 0.268 0.177 ]
6960 0.049 0.006 5.771 0.260 0.167
325 2 3.248 O.180 0.085 1 4 9.702 0.361 0.276 | 6.532 C.784 0.399
5.367 0.170 0.071L 6.083 0.401 2397 2 6.118 0.497 0.250 0
64501 0.435 6.904 0.131 0.042
6.779 0.120 2437 1 3.870 0.551 0.218 0
365 3 3.134 0.118 0.034 0 2473 3 3.797 0.271 0.181 4]
4.465 0.629 0.318 4.494 0,455 0.228
6.582 0.287 0.204 5.152 0.695 0.353
400 4 3.870 0.912 0.464 0 2516 5 42490 0.290 0.208 [}
4.538 0.425 0.212 5.052 0.352 0.174
S.136 0.493 0.248 5.746 0.145 0.052
6.833 0.128 0.040 6.538 0.160 0.063
443 3 3.200 0.301 0.224 0 6.921 0.097 0.023
5.408 0.390 0.194 2551 3 3.541 0,342 0.168 0
©6.889 0.143 0.051 6.486 0.236 0.138
489 2 5.474 0.366 0.181 0 6.935 0.069 0.012
6.843 0.085 0.018 2584 4 3.260 0.302 0.225 0
519 L 5,637 8.255 0.161 1 2 bet26 0.520 0.156 5.754 0.181 0.081
6.713 0.228 64517 0.186 0.085
601 4 3.110 0.113 0.032 [ 6.953 0.058 0.008
4.504 0.430 0.215 2624 1 6.935 0.093 0.021 0
5.491 0.206 0.105 2673 2 5.435 0.108 0.029 [}
6.036 04243 0.14%46 6.830 0.137 0.046
653 1 3.817 0.118 0.03¢4 o 2745 3 S5.436 0.083 0.017 o
685 1 6.725 0.171 0.072 1 2 4.432 0.612 0.286 6.003 0,543 0.274
5.022 0.569 6.546 0.542 0.273
715 2 4.540 0.282 0.197 0 2790 4 3.769 0.246 0.150 0
5,423 Q.132 0.043 4470 0.556 0.281
7594 4 3.843 0.680 0.345 o 6.514 0.077 0.015
5.688 0.243 0.l46 6.914 0.083 0.017
64190 0.760 0.386 2826 6 3.310 0.496 0.249 0
6.906 0.119 0.035 3.801 0.200 ¢.099
799 5 3.768 0.277 0.190 o 4,493 0.230 0.131
4.481 0.272 0.183 5.427 0.302 0.225
5.719 0.123 0.037 5.7123 0.189 0.088
6.444 0.3617 0.182 6.924 0.076 0.014
6,916 0.100 0.025 2864 5 3.171 0.218 0.117 0
833 3 3.308 0.457 0.229 0 4.458 0.330 0.194
6,581 0.296 0.216 5.429 0.443 0.222
6.826 0.195 0.094 5.793 0.284 0.199
883 2 4.065 0.307 0.233 1 2 5.029 0.453 0.158 6.901 0.122 G.037
6.77% 0.119 0.03% 9.402 0.292 2907 1 6.904 0.116 0.033 ]
927 4 3.308 0.250 0.154 0 2953 4 3.127 0.130 0.042 a
44513 0.292 0.211 4.499 0.390 0.194
5.734 0.319 0.251 5.117 0.242 0.145
Tean 3 e nog 6.764 0.137 0.046




ce

e - PRTVRES Medny [Py " 2993 1 3.209 0.400 0.199 1 2 4,218 0.724 0.326
6.919 0.098 0.024 4.883 0.606
1001 3 4.386 0.283 0.198 1 2 6.424 0.506 0.166 3025 3 3.823 04357 0.176 )
5.357 0.244 0.147 6.700 0.274 4.196 0.389 0.193
5.637 0.185 0.08> 4.995 0.301 0.224
1033 4 3.248 0.281 0.195 1 3 2.362 0.265 0.181 3063 2 3.841 0.224 0.124 0
3.738 0.588 0.297 5.619 0.248 4.475 0.218 0.117
4e429 0.259 0.166 5.960 0.434 3103 1 3.161 0.179 0.079 o]
64539 0.326 0.160 3146 4 44489 0.572 0.289 [
1063 3 .17 0.217 0.1l6 ] 6.091 0.547 0.276
3.781 0.262 0170 6.574 0.419 0.209
5.452 0.179 0.079 6.895 0.119 0.035
1095 3 3.103 0.069 0.012 0 3193 3 3.843 0.504 0.254 0
5.744 0.297 0.218 4.469 0.243 G.l46
64891 0.157 0.061 5.739 0.187 0.086
1140 3 4.596 0.240 0.142 0 3228 3 3.815 0.317 0.248 o
5.448 0.194 0.093 5.735 0.224 0.124
5.748 0.10L 0.025 6.823 0.167 0.069
Li180 3 3.301 0.311 0.239 a 3273 5 4.459 0.250 0.154 o
6.732 0.120 0.036 S.114 0.363 0.179
6.921 0.109 0.029 5.425 0.162 0.06%
1223 3 4.079 0.766 0.389 1 2 3.048 0.111 0.042 5.751 0.210 0.109
5.357 0.109 0.023 3.221 0.235 6.928 0.079 0.0L5
5.650 0.114 0.032 3313 3 3.318 0.36% 0.180 0
1261 2 5.241 0.272 0.183 1 4 5.573 0.247 0.256 6447 0.377 v.187
6.823 0.194 0.093 5.971 0.549 6.937 0.077 0.015
6.245 0.149 3359 3 6.035 0.403 0.20L 0
64493 0.346 6.476 0.240 0.142
1311 4 3.808 0.362 0.179 0 6.889 0.174 0.075
4.496 0.282 0.197 3393 2 3.335 0.529 0.267 0
5.468 0.226 0.126 6.923 0.105 0.027
5.732 04135 G.04b 3473 1 5.707 0.206 0.10% 0
1359 2 3.809 0.318 0.250 [} 3513 4 4.468 0.118 0.034 [
4,440 0.380 0.188 5.124 o.187 0.086
1411 3 5.059 0.395 0.196 [} 5.420 0.287 0.204
5.442 0.371 0.184 5.713 0.151 0.056
6.932 0.080 0.016 3548 4 3.840 0.130 0.042 [}
1486 2 5.705 0.154 0.059 0 5.742 0.244 0.147
6.509 0.597 0.302 64456 0.391 0.194
1521 3 3.822 0.281 0.195 4] 6.842 0.204 0.103
5.723 0.235 0.136 3593 3 3.832 0.233 0.134 1]
64479 0.211 0.110 5.747 0.122 0.037
1571 2 4.508 0.614 0.311 [ 6.579 0.199 0.098
6.790 0.164 0.066 3636 6 3.307 0.2717 0.190 0
1600 1 4.493 04395 0.196 0 4.4%0 0. 464 0.233
1640 1 6.707 0.166 0.068 3 2 3.129 0.251 0.529 5.377 0.391 0.194
3.532 0.555 5.699 0.252 04157
2 4.069 0.355 6.126 0.602 0.304
“abla 0.335 6.910 0.146 0.053
3 5.386 0.123 3674 1 6.745 0.189 0.088 H 2 4.009 0.449 V.354
5.611 0.327 4.450 0.433
6.058 0.567 2 5.049 0.472
1733 1 3.319 0.210 0.109 o 5.412 0.2595
1766 3 3.824 0.114 0.032 [ 3705 2 3.234 0.319 0.251 1 2 4.212 0.16% 0.036
4.497 0.287 0.204 6.858 0.145 0.052 4.383 0.179
5454 0.436 G.218 3743 2 3.144 0.180 0.080 0
1813 4 3.812 0.105 0.027 [} 3.824 0.631 0.319
5.057 0.368 0.182 3716 5 3.304 0.254 0.159 [
5.415 0.348 0.171 3.795 0.221 0.121
6.881 0.131 0.042 4.467 0.153 0.058
1858 3 3.241 0.231 0.132 1 2 4,057 0.322 0.130 5.436 .0.179 0.079
5.670 0.223 0.123 4.428 0.328 6.921 0.il7 0.034
6.887 0.074 0.014 3820 2 5.433 0.19} 0.090 0
1890 5 44266 0.231 0.132 Q0 6.860 0.136 0.046
Sehhh 0.192 0.091 3858 1 6.823 0.149 0.055 1 2 4346 0.292 0.132
5.721 0.132 0.043 4.674 0.365
6.530 0.244 0.147 3906 2 3.280 0.238 0.140 0
' 6.927 0.084 0.017 5.708 0.206 0.105
1927 2 5.303 0.269 0.179 1 2 5.647 0.324 0.16%9 3944 2 5.709 0.125 0.039 o
6.846 0.126 0.039 6.034 0.450 6.539 0.110 0.030
1965 5 3.820 0.345 0.170 o] 3987 5 3.327 0.404 0.201 4
4,481 0.281 0.195 ‘ ' 5.063 0.219 | 0.119;
5.473 0.347 0.171 , 5.6456 0.255 0.l61
6.087 0.168 0.070 5.756 0.193 0.092
6.920 0.097 0.023 6.929 0.110 0.030
Total number of sample frames, k, 99.
Potal number of single bubbles, h, 268.
Total number of merglng bubbles, 57.
Average instantaneous bubble population, ngy, 3.28.
Average area fraction of influence of single bubble, 95 ay, 0.138.
Average area fraction of merging bubbles, ¢m,av, 0.0402.
Standard deviation associated with op, gy, 0.0936.
83,906 movie analyzer units equal 0.75 inchj left end reading, 3.070; right end reading, 6.976.



45

TABLE II.

- Contlnued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip. ]

(e) Test fluld, water; run 62-12-4-6

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area (Sites|Number| Site Site Area Sites | Bubble Bubble Area |3ites|Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
[} ing in
s bub- m s bub% m
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
o 1 6.886 0.064 0.010 0 ' 2000 1 6.895 0.128 0.040’ 0
30 V] 1 2 6.712 O.l16 0.0L14 2029 1 3.769 0.606 0.3006 0
| 6.782 0.097 2069 L 3.692 0.285 0.200 2 2 5.432 0.204 0.296
80 2 3.651 0.297 0.217 0 5.651 D.234
6.824 Delé4 0.051 2 5.938 De34]
L20 3 3.089 0.204 0.102 0 1 6.k4T 0.677
5.378 0.222 0.121 2117 2 4.414 0.383 0.190 o
6.890 0.069 0.012 5.378 0.191 0.090
160 1 6.877 0.095 0.022 0 2192 3 3.098 0.146 0.052 0o
195 2 3.161 0.449 0.224 0 3.299 0.256 0.161
6.753 0.097 0.023 5.080 0.324 0.258
240 1 6.835 0.103 0.026 4] 2237 1 6.84]) 0.115 0.033 0
270 1 6.878 0.107 0.028 0 2214 2 4.090 0.152 0.057 0
325 1 6.343 0.250 0.154 1 2 5.258 0.238 0.053 5.684 0.116 0.033
54528 0.172 2317 4 5.068 0.483 0.242 0
365 8 3.221 0.308 0.234 0 5.427 0.234 0.135
3.626 0.502 0.252 5.712 0.162 0.065
4.114 D475 0.238 6.925 0.066 0.011
5.363 04343 0.168 2347 3 3.253 0.198 0.097 [+
5.685 0.174 0.075 5.389 0.199 0.098
5.984 0.424 0.211 5.697 0.271 0.181
6.402 0.326 0.262 2397 1 3.145 0.238 0.139 0
6.816 0.179 0.079 2437 1 3.773 0.229 0.129 0
400 3 3.06% 0.166 0.068 0 2473 1 5.385 0.167 0.069 0
6.694 0.126 0.039 2516 4 3.297 0.435 0.217 0
6.814 C.lla 0.032 5.389 0.271 0.181
443 2 3.241 0.412 0.205 0 5.680 0.311 0.238
6.876 0.072 0.013 6.T743 0.134 0.044
489 1 3.245 0.465 0.233 [ 2551 3 5.354 0.294 0.213 0
519 3 5.670 0.099 0.024 o 5.674 0.346 0.170
564 2 6.419 0.297 0.217 [} 6.458 0.506 0.254
6.870 0.093 0.021 2584 4 4.468 0.325 0.260 0
601 1 4.417 0.410 0.204 o 5.403 0.167 0.069
653 2 4.537 0.519 0.261 1 2 5.3719 0.130 0.190 6.498 0.178 0.078
6.721 0.190 0.089 5.870 0.729 6.934 0.075 0.010
685 2 6.012 0.235 0.136 0 2624 2 3.055 0.207 0.105 1 2 3.155 0.378 0.232
6.845 0.150 0.055 4.601 0.450 0.225 3.703 0.615
715 2 4,450 0.354 0.174 0 2673 1 3.729 0.331 0.162 0
5.398 0. 309 0.235 2190 1 6.921 0.099 0.024%, 0]
799 2 4.123 0.520 0.261 0 2826 1 Sa4ll 0.315 0.244 0
6.934 0.070 0.012 2864 1 4.373 0.316 0.246 1 2 3.027 0.158 0.040
833 1 6.918 0.102 0.026 0 3.163 0.199
883 2 4.305 0.346 0.170 2 3 44669 0.288 0.181 2907 2 6.385 0.432 0.215 1 2 5.076 04341 0.118
6.428 0.226 0.126 4.881 0.136 6.788 0.115 0.033 9.389 0.277
5.186 0.474 2953 3 3.236 0.140 0.048 o
2 b T44 0.083 o430 0.168 0.069
6.823 0.074 6.471 0.229 0.129
927 2 3.279 0.238 0.139 [4] 2993 2 5.390 0.188 0.087 0
« 240 n 35 0.045 5.683 D.126 0.039




S¢

100!
1033

1063

1095

1140

1180

1223

1261

1311
1359

1411
1441
1486

1521

1640

1733

1766

1813
1858

1890

1927
1965

—

-

—

-

1
1

5.692
3.014
6.377
6.803
3.265
3.804
HathS
5.105
54699
6.514
3.827
6.510
6.923
44335
6.803

44096
6.915
3.789
5.391
6452
6.937
Sa4l13
60632
6.920
5.386
3.309
3.820
5.118
6.445
6.485
5.670
6.852
3.743
5.375
5.651
3.101
4,284

6.884
3.229
64474
6.866
3.150
6.774
3.207
3.751
4.391
5.055
54401
5.691
6.874
6.800

0.229
O.l43
0.548
0.102
0.263
0.345
0.179
0.442
0,240
0.208
0.198
0.103
0.091
0.273
0.132

0.629
0.086
0,224
G.213
0.080
0.064
0.261
0.088
0.097
0.291
0.551
0.470
0.601
0.600
0.258
0.107
0.072
0.163
0.196
0.162
0.198
0.262

0.100
0.328
0.305
0.106
0.417
0.141
0.271
0.313
0.200
0.403
0.288
0.188
0.112
0.137

0.129
0.050
0.276
0.026
0.170
0.170
0.079
0.221
0.142
0.107
0.097
0.0206
0.020
0.184
0.043

0.318
0.018
0.124
O.114
0.01s6
0.010
. 168
0.019
0.023
0.208
0.277
0.235
0.303
0.303
0.164
0.028
0.013
0.065
0.095
0.065
0.097
0.169

0.025
0.160
0.229
0.028
0.208
0,049
0.181
0.241
0.098
0.200
0.204
0.087
0.031
0.046)

oo

coco

[=N=]

s

2

5.300
5.589

3.046
3.213
5.246
94529
5.881

5.198
9.508
5.900

5.305
5.583

0.198
0.279

0.229
0.230
0.137
0.225
0.314

0.204
0.317
0.466

0.242
0.209

3025 3
v.072
3063 2
3103 4
3273 6
0.163
3313 2
3393 1
3423 2
3513 1
3548 2
3593 2
3636 3
3674 1
3705 2
3743 4
3776 3
b.196 3820 1
3858 1
3906 4
3944 2
0.063
3987 3
|
4025 5

5.388
5.682
5.988
3.195
54333
3.129
4.084
5.098
5.430
3.767
4.429
5.052
5.396
5.689
6.498
3.788
6.887
6.844
3.267
4.460
S5.463
3.749
6.873
5.058
6.480
4.438
6.011
6.792
6.874
44653
5.408
3.129
3.331
4.677
5.411
4.478
4. 717
6.943
6.908
5.443
4.105
4.524
6.496
6.876
4.125
6.529
3.281
5.385
5.690
3.794
444l
5.388
5.699
6.920

0.110
0.115
0.108
0.215
0.165
0.213
0.300
0.333
0.219
0.263
0.268
0.323
0.268
0.087
0.200
G.114
0.121
0.101
0.352
0.424
0.093
0.786
0.143
0.355
0.276
0.203
0.583
0.312
0.094
0.197
0.308
0.175
0.229
0.237
0.284
0.187
0.2590
0.070
0.119
0.323
0.594
0.244%
0.545
0.079
0.373
0.183
0.130
0.202
0.152
0.292
0.244
0.265
0.249
0.086

0.030
0.033
0.029
0.114
0.067
0.112
0.222
0.163
O.l18
0.170
0.177
0.257
0.177
0.019
0.098
0.032
0.036
0.025
0.173
0.211
0.021
0.399
0.050
0.17%
0.188
0.101
0.294
0.240
0.022
0.09%6
0.234
0.075
0.129
0.138
0.199
G.080
0.207
0.012
0.035
0.257
0.300
0.147
0.274
0.015
0.184
0.082
0.042
0.100
0.057
0.210

0.147.

0.173
0.153
0.018

=]

Qo

oo

=N=N=~]

2

4.061
4.427

0.394
0.237

J.122

Total number of sample frames, k, 102.
Total number of single bubbles, h, 193.
Total number of merging bubbles, 35.

Average instantaneous bubble population, ngv, 2.24.

Average area fraction of influence of single bubble, Ps,avs 0.128.
Average area fraction of merglng bubbles, Pm,av, 0.0171.

Standard deviation assoclated with op, av,

0.0533.

83,913 movie analyzer units equal 0.75 inch; left end reading, 3.032; right end reading, 6.945.
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TABLE II.

- Continued.

[1/16- by 3/4-in. heating strip.]
(£) Test fluid, methanol; run 63-1-14-6

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

Frame Single bubbles Merging bubbles Frame Single bubbles Merglng bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area |[Sites|Number| Site Site Area
center width frac- of center width frac- i center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
® ing P ? ing P
s bub- " s bub- "
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
30 1 6.318 0.323 04232 1 3 3.141 0.231 0.105 5.483 G.427 0.205
3.265 0.242 6.308 0.223 0.114
3.919 0.266 7.061 0.234 G.126
80 & 3.28% 0.298 0.204 0 L1180 4 3.256 0.418 0.200 1 2 3.601 0.273 0.131
3.590 0.313 0.225 5,211 0.343 0.162 3.759 0.409
5301 0.428 0.206 5.557 0.349 0.16%
6.392 0.272 0.170 6.953 0.202 0.094
120 4 3.204 0.125 0.036 0 1223 6 3.263 0.165 0.062 0
44351 0.423 0.203 3.835 0.396 0.189
5.008 0.453 0.218 5.70V 0.311 0.222
5.468 0.467 G.225 6.097 0.279 0.179
160 2 3.270 0.248 O.141 4] 6.419 0.188 0.081
1.024 0.273 UelTl 7.061 0.217 0.104
195 4 3.302 0.293 0.197 0 1261 2 3.274 0.105 0.025 0
4.363 0.261 0.15%¢ 7.062 0.226 0.117
5.685 0.518 0.251 1311 3 4.259 0.844 O.414 1 2 3.158 0.210 0.068
7.024 0.240 0.132 6.002 0.228 0.119 3.399 0.273
240 1 7.019 0.236 0.128 0 6.949 0.277 0.176
270 3 3,235 0.186 0.079 0 1359 3 4.158 0.769 0.376 2 3 3.207 0.271 0.461
5,669 0.271 0.168 5.969 0.398 G.190 3.325 0.323
7.036 0.230 0.121 64950 0.224 Q.15 3.674 0.375
325 3 3.283 0.327 0.245 0 3 4.999 0.695
6.313 0.166 0.063 4.915 0.329
7.027 0.2417 0.140 5.401 0.309
365 2 6.371 0.374 0.178 1 3 3.159 0.283 0.113 1411 2 3.313 0.130 0.039 o >
5.933 0.091 U019 3.341 0.202 7.054 0.300 0.206
3.546 0.276 1441 5 3.602 0.239 0.131 o
400 3 3.272 0.277 Uel76 o] 4.387 0.312 0.223
3.1780 0.488 0.230 6.085 0.285 0.186
7.0306 0.116 0.031 6.435 0.117 0.031
443 2 3.270 0.251 O.14b o 7.069 0.107 0.026
3.419 0.104 v.025 1486 3 3.347 0.366 D.174 0
489 3 3.282 0.224 O.11% 0 3.626 0.193 0.085
9.395 0.507 0.245 4.512 0.646 0.31%
7.030 0.168 0.065 1521 3 3.2006 0.197 0.089 1 3 6.008 0.316 J.149
519 4 3.278 0.263 0.159 0 3.719 0.137 0.043 6.175 v.260
5395 0.325 0.242 6.958 0.269 0.166 6.375 0.303
6.29% 0.264 0.160 1600 5 3.304 0.210 0.101 0
7.026 0.126 0.036 3.570 0.172 0.068
564 ) 3 3.289 0,277 0.170 ) 4.380 0.316 0.229




LS

653

685

754

799

833

883

927

958

1001

1063

1095

1140

4

3.787
7.042
3.324
3.7174
T1.048
3.305%
3.787
3.301
3.803
3.348
3.6006
5.439
6,320
7.065
3.010
5.592
6,257
7.022
3.821
6.263
T.043
3.219
6.119
3.230
5.518
7.048
3.342
3.849
5.522
6.105
7.060
3.363
6.106
7.068
6.025

3,286
3.615
6.127
6.349
7.059
3.295
3.817
6.325
7.063
3.274

0.223
0.249
0.272
0.229
0.243
0.163
0.422
0.286
0.433
0.258
0.254
0.395
0.380
0.282
0.085
0.270
0.504
0.221
0.322
0.391
0.140
0.135
0.443
0.157
0.376
0.247
0.332
0.384
0.273
0.225
0.259
0.225
0.210
0.155
0.165

0.244
0.259
0.328
0.117
0.314
0.248
0.332
0.416
0.326
0.221

C.ll4
O.t42
U.170
0.12v
0.13>
0.061
0.202
0.188
0.204
0.193
U.153
0.189
V.184
0.182
0.ul7
0.167
0.244
0.11¢2
0.234
0.187
0.045
G.042
0.213
0.u5¢
0.179
0.140
0.253
0.183
0.171
0.116
0.154
0.116
0.101
0.05>
0.062

0.137
0.154
0.247
0.031
0.226
0.141
0.253
0.199
0.244
0.112

Q

2

3.223
3.617

0.319
0.589

0.195

1640

1690

1733

1766

1813

1858

1890

1927

1965

2000

2029

2069

2117

4

6.122
7.065
3.629
6.398
71.060
3.523
4,466
6.963

3.321
3.825
4.478
7.068
3.317
6.440
3.241

3.333
6.308
3.235
6.018
6.375
6.982
3.284
3.560
4.360
4.588
7.058
3.297
3.830
7.072
3.294
4.388
3.320
3.839
6.111
7.083
3.324
3.631
44367
64296
7.075
3.314
3.779

0.230
0.254
0.1647
0.184
0.129
0.162
0.314
O.l4a

0.190
0.260
D.474
0.162
0.223
0.160
U.153

0.131
0.163
0.181
0.364
0.246
Oel72
0.220
0.203
0.270
0.186
G.221
0.162
0.177
0.143
0.166
0.207
C.181
0.318
0.319
0.243
0.290
0.324
0.277
0.130
0.250
0.176
0.288

0.121
0-148
0.050
0.078
0.038
0.060
0.220
0.048

0.083
0.155
0.229
0.060
0.114
0.059
0.05%

0.039
0.061
0.075
0.173
0.139
U.068
0.111
0.095
0.167
0.079
0.112
0.060
0.072
0.047
0.063
0.094d
0.075
0.232
0.233

0.13».

0.193
0.241
G176
0.039
0.143
0.071
0.190

5.5963
5.830
0.077
6.302

3.466
3.757
5.983
6.316

3.541
3.712

0.333
0.200
0.294
0.265

0.239
0.343
0.363
0.302

0.244
04143

0.176

0.226

J.0406

‘34.054 movie analyzer units equal 0.75 inch; left end reading, 3.136; right end reading, 7.190.
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TABLE II. - Continued.

(1/16~ by 3/4-in, heating strip.]

(f) Conecluded.

Test fluid, methanol; run 63-1-14-6

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number | Site Site Area Sites | Bubble Bubble Area [Sites|Number| Site Site Area
center width frac- of leenter width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
? ing ? 9 ing [
s bub- m B bub- "
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
4.564 0.224 0.115 ! | 3.615 0.212 0.103
7.060 0.203 0.095% . 6,479 0.231 0.122
2152 4 3.264 0.211 v.102 0 7.043 0.219 0.110
6.109 0.418 0.200 3025 1] 1 2 3.191 0.220 0.053
6.393 0.150 0.052 3.40% 0.208
7.050 0.187 0.080 3063 S 3.310 0.153 0.054 0
2192 1 3.248 0.1l21 0.034 0 3.813 0.325 0.242
2237 3 3.329 0.138 U.044 [4] 4,360 0.112 0.029
4.569 0.212 0.103 5.867 0.372 0.L77
6.091 0.3606 Oel74 6465 0.273 D171
2274 5 3.332 0.180 0.074 o} 3103 4 3.323 0.182 0.070 [¢]
3.77 0.248 0«14l 4.518 0.431 0.207
44359 0.413 0.198 5.098 0.466 0.225%
6.293 0.315 0.228 7.028 0.235 0.127
7.065 0.279 0.179 3la6 7 3.334 0.218 0.109 0
2317 5 3.321 0.326 0e244 0 3.566 U.246 0.139
3.809 0.359 0.170 3.873 0.369 04175
S5.164 0.480 0.232 4.601 0.324 0.241
5.849 0.395 U.189 5.133 0.178 0.073.
7.085 0.265 0.161 6.487 0.253 0.147
2347 & 3.313 0.173 0.069 . o] 7.038 0.254 0.148
4.375 0.111 0.028 3193 4 3.291 0.280 U.180 0
44593 0.324% 0.241 3.536 0.210 0.101
5.129 0.648 U.316 44363 0.419 0.201
5.817 0.592 0.288 6.070 0.189 0.082
: 7.065 0.172 D.068 3228 & 3.256 0.193 0.082 0
2397 4 3.400 0.2638 0.165 0 4.382 0.123 0.03>
3.804 0.332 0.253 5.869 0.296 0.201
6.058 0.218 0.109 6.450 0.208 U.099
6.383 04234 Uel26 3273 2 3.246 0.090 0.019 0
2437 4 3.268 0.202 0.09¢ ] 6.103 0.264 0.160
4.340 0.317 0.231 3313 2 3.203 0.179 0.073 1 2 3.463 04340 Ja15%
5.138 0.276 0.17% ' 6.510 1.059 0.520 3.839 0.412
64405 0.280 0.180 3359 4 34157 0.195 0.087 2 2 3.749 0.260 Jells
2473 5 3.322 0.244 0.137 0 34403 0.297 0.202 4165 0.3206
3.825 0.403 U.193 44457 0.224 Qe1l5 2 5.973 0345
6.086 0.318 0.23¢2 6.942 0.249 O.142 be.2B17 U.282
6.416 0.129 U.038 3393 3 3.312 0.430 0.207 0
7.038 0.265 U.161 5.901 0.383 0.183
2516 7 3.268 Usl185 0.079 o] 5.3006 Ue&2b Ve 209




6%

2551

2584

2624

2673

2705

2745

2790

2826

2864

2907

2953

2993

4

4.353
44590
5.838
6.120
6.423
1.0406
3.219
6.283
6.892
3.301
44375
6.501
6.932

3.317
4.373
6.4606
7.026
3.322
3.572
4.560
3.280
4oh46
6,468
7.075
54790
6.118
6.943
3.301
3.841
4.374
6.483
7.068
5.998
6.302
3.409
3.805
4.556
b.4B9
7.074
3.203
4,082
4.401
6.89%0
3.319

0.310
O.lb4
0.229
0.335%
0.270
0.265
0.291
0.454
0.298
0e342
0.139
0.281
0.239

0.238
0.315
0.362
0.268
0.264
0.237
0.189
0.159
0.521
0.327
0.240
0.330
0.201
0.264
0.239
0.240
0.278
0.280
0.130
0.217
0.231
0.326
0.467
0.190
0.352
0.300
0.188
0.294
0.344
0.201
0.182

0.220
0.062
0.120
0.257
0.167
0.161
0.194
0.213
0.204
0.162
0.064
0.181
0.131

0.130
U.228
0.172
0.16>
0.160
0.129
0.082
0.058
0.252
0.245
0.132
0.250
0.093
D.160
0.131
0.132
U.177
0.180
0.039
0.108
0.122
0.244
0.229
0.083
0.167
0.2006
0.081
0.198
0.163
0.093
0.076

3.526
3.768

3.216
3.446
3.723

3.254
3.440

3.182
3.274

5.806
2.981

0.256
De228

0.233
0.304
0.250

0.218
0.15%4

0.112
O.114

0.368
0.256

3423 5

3473 2
J.067

3513 3

3548 4
0.120

3593 s

3636 4

3674 4
04041

3705 3

3743 5
0.015

3776 3

3820 3

0-113|1 3858 4

3.274
3.535
3.839
4.388
7.037
3.330
T.048
3.261
44352
7.040
3.721
4.45]1
6.314
6.966
3.294
3.577
4.370
5.982
7.059
3.295
3.845
6.408
7.056
3.286
6.060
6.427
7.069
4.269
64331
6.929
3.30%
3.543
4.537
6.570
7.048
3.301
4.591
6.510
3.227
3.513
6.001
3.367
3.603
4.546
7.075

0.163
0.182
0.226
0.297
0.295
0.157
0.213
0.130
0.203
0.170
0.320
0.28¢2
0.202
0.219
0.157
0.236
0.432
0.461
0.211
0. 140
0.248
0.336
0.238
0.158
0.263
0.471
0.123
0.157
0.566
0.223
O.144
0.160
0.380
0.274
0.285
0.197
0.345
0.158
0.283
0.288
0.181
0.267
0.205
0.167
0.283

0.061
0.076
0.117
0.202
0.200
0.057
0,104
U.042
0.095
0.0606
De239
0.182
0.0%94
0.110
0.057
0.128
0.208
0.222
0.102
0.045
Ual41
0.259
0.130

0.057.

0.159
0.227
0.03%
0.057
0.275
U.ll4
0.048
0.059
0.181
ValT72
0.186
0.089
0.163
U.057
0.184
0.190
0.07%
0.164
0.u%0
0.064
0.184

3.230
3.339
3.458

3.311
3.692

3.842
4.191

0.125
0.180
Ue205

0.420
0.342

0.370
0.328

0.052

0.158

0.138

Total number of sample frames, k, 96.
Total number of single bubbles, h, 328.

Number of merging bubbles, 57.

Average instantaneous bubble population, nay,
Average area fraction of influence of single bubb
action of merging bubbles, Pm,avs 0.0291.

Average area fr
Standard deviation assoclated with Pm,av? 0.0702,

le, wi,av, 0,143,

24.054 movie analyzer units equal 0.75 inchj left end reading, 3.136; right

end reading, 7.190.
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TABLE II. - Continued.

[1/16~ by 3/4-in. heating strip.]

(g) Test fluid, methanol; run 63-2-6-1

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

Frame

Single bubbles Merging bubbles Fr-ameT Single bubbles Merging bubbles
Sites | Bubble Bubble Area !Sites{Number| Site Site Area ‘ ‘rSites Bubble Bubble Area |Sites |Number| Site Site —l Area
center width frac- of center width frac- center wildth frac- of center width frac-
tion, merg- tion, : ¢ tion, merg- ' tilon,
Ps ing | P Ps ing P
bub- bub-
(a) (a) bles (a) (a) (a) (a) bles | (a) (a)
0 3 5.228 0.487 0.261 2 2 2.756 0.219 6.209 3.549 0.497 0.267 '
5.307 0.209 0.122 2.498 0.121 4.658 0.540 0.291
6.264 0.136 0.05¢ 2 3.548 0.406 6.105 0.393 0.209
3.904 0-307 1033 3 2.721 0.202 0.114 0
30 3 3.538 0.364 0.193 1 2 2.708 Ua1364 0.029 4.880 0.344 0.181
5.228 0.203 0-116 2.809 0.104 6.065 0.350 0.185
64156 04299 0.251 1063 3 2.767 0.252 0.178 [}
80 5 2.738 0.223 0.139 1 2 5.720 0.520 0.195 4700 0.210 0.12¢4
3.561 0.467 0.250 6.128 0.297 6.101 0.286 0.229
4,694 0.293 0.241 1095 1 4.018 0.575 0.310 1 3 2.761 0.219 0.188
5.232 0.286 0.229 2.911 0.327
6.288 0.075 0.0l6 3.116 0.350
120 2 3.527 0.535 0.288 2 2 2.774 0.255 0.342 1140 5 2.768 0.200 0.112 0
6.111 04402 0.214 3.056 0.428 3.8717 0.309 0.161
2 4,494 0479 4,697 0.788 0.427
4.828 0.317 5.665 0.677 0.366
160 2 5.260 0.461 0.247 1 3 2.728 0.314 0.248 6.201 0.246 0.170
6.223 0.219 0.134 22955 0.141 1180 2 2.804 0.273 0.209 2 2 3.303 0.545 0.404
3,342 0.632 4.187 0.773 0.419 3.691 0.320
195 3 3.272 0.220 0.136 1 2 2.674 0.247 0.055 3 5.808 0.233
5.278 0.248 0.172 2.166 0.131 6.093 0.390
6.216 0.195 0.107 6.166 0.294
240 5 2.767 0.220 0.136 s} 1223 2 3.299 0.452 0.242 2 2 2.701 0.107 0.275
3.270 0.376 04199 4,214 0.549 0.296 2.795 0.137
4,675 0.200 0.112 2 5.716 0.718
5474 0.774 0.419 64150 0.303
6.231 0.188 0.099 1261 2 2.770 0.206 0.119 1 4 5.719 0.299 0.206
325 4 2.767 0.227 U.144 0 3.590 0.353 0.186 5.862 0.316
3.560 04201 Uell3 5.918 0.225
5.261 0.408 0.217 64107 0.235
6.141 0.366 0.196 1311 3 2.739 D.194 0.106 1 2 5.179 0.311 0.103
365 2 2.738 0.175 0.086 0 3.235 0.383 0.203 5.889 0.224
6.110 0.407 0.217 6.223 0.163 0.074
400 3 2.779 0.264 0.19% o 1359 1 4.629 0.371 0.196 2 2 2.788 0.278 0.268
4.675 0.279 0.218 3.030 0.506
6e1l44 0.307 0.160 2 5.828 0.192
443 4 2.763 0.229 0.147 0 6.069 0.290
3.941 0.504 0.271 1411 2 2.741 0.143 0.057 1 3 3.218 0.381 0.351
5.200 0.196 0.108 6.149 0.313 O.164 3.546 0.457
6.265 0.097 0.026 ' 4.056 0562
489 4 2.754 0.215 0.130 0 1441 [¢] 1 3 2.717 0.095 0.241
2.818 0.258




T

3.550 0.717 0.388
4.691 0.237 0.157 3.271 0.711
6.134 0.308 0.161 1486 3 2.772 0.228 0.146
519 5 2.800 0.218 0.133 4.723 0.091 0.023
3.704 0.371 0.196 64245 0.142 0.057
4. 700 0.498 0.267 1521 4 2.733 0-143 0.057
5.230 0.488 0.262 3.569 0.407 0.217
6.030 0.457 0.245 4149 0.516 0.277
564 2 5.555 0.544 0.293 2.783 0.190 0.173 6.184 0.283 0.225
6.131 D.362 0.191 2.806 0.157 1571 4 2.754 0.209 0.122
3.705 0.249 3.553 0.415 0.221
3,743 0.138 4.933 0.150 0.063
3,465 0.143 64155 0.294 0.242
3,892 0.290 1600 3 2.771 0.234 0.154
601 3 4.012 0.640 0.346 2.739 0.137 0.039 44738 0.717 0.388
4.760 0.832 0.451 2.831 0.191 6.110 0.390 0.207
6.257 0.17} 0.082 1640 4 2.750 0.196 0.108
653 1 6.089 0.430 0.229 2.699 0.144 u.210 3.541 0.574 0.309
2.725 0.158 4.805 0.429 0.229
44117 V.412 6.165 0.251 0.177
4.491 0.337 1690 2 2.792 0.232 0.151 4.587 0.147 0.093
685 3 2.746 0.219 0.13¢4 4,345 0.635 0.190 6.162 0.238 0.159 4.804 0.341
3,777 0.280 0.220 4,703 0.186 1733 1 64160 0.267 0.200 2.786 0.273 0.332
6.220 0.147 0.061 3.078 0.401
715 2 4.318 0.473 0.253 2.777 0.349 2.381 3.553 0.693
6.221 0.178 0.089 3.118 0.691 1766 2 2.760 0.218 0.133 3.439 0.186 0.054
3.596 0.469 6.200 0.210 0.12¢4 3.593 0.14%
754 3 4.679 0.626 0.338 2.718 0.205 0.159 3.698 u.l45
5.557 0.334 0.176 3.060 0.509 1813 2 2.714 0.096 0.026 5.978 0.216 0.082
6.182 0.213 0.127 4.704 0.144 0.058 6.182 0.266
799 3 2.741 0.155 0.067 5.125 0.753 0.469 1858 3 2.807 0.278 0.217
3.577 0.196 0.108 9.592 0643 3.236 0.310 U.162
4.129 0.576 0.310 6.005 0.360 6.211 0.241 0.163
0e262 D.155 1890 0 2.156 0.182 U252
833 2 2.733 0.158 0.070 2.961 0.593
6.126 0.376 0.199 6-178 0.290
883 2 3.55Y9 0.61%9 0.334 2.714 0.102 0.023 6.141 0.151
6e178 0.296 0.2646 2.766 0.151 1927 3 2.740 0.151 0.064
927 4 2.718 0.139 0.054 4,687 0.361 0.191
3.231 0,531 0.286 6.286 0.113 0.036
4.894 D.651 0.352 1965 2 2.721 0.113 0.036 3.195 0.2174 D.170
6.228 0.154 0.066 6.289 0.207 0.120 3.565 Q.407
958 4 2.758 0.203 0.116- 2000 4 2.819 0.263 0.194
3.233 0.395 0.210: 3.172 0.337 0.177
4.925 0.259 0.184 i , 4.315 1.037 0.564
6.150 0.235 0.155 6.124 0.397 0.211
1001 4 2.749 0.222 0.138 H } ‘
Total number of sample frames, k, 50.
Total number of single bubbles, h, 139.
Total number of merging bubbles, 86,
Average Instantaneous bubble population, ngy, 4.50.
Average area fraction of influence of single bubble, ?s5,avs 0.186.
Average area fraction of merging bubbles, op,ay, 0.1147
Standard deviation associated with ¢p av, 0.1350.
83.667 movie analyzer units equal 0.75 inchj left end reading, 2.653; right end reading, 6.320.
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TABLE II. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER
[1/16- by 3/4~in. heating strip. ]

(n) Test fluid, methanol; run 63-2-6-2

A Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
N Sites | Bubble Bubble Area |Sites |Number| Site Site Area Sites | Bubble Bubble Area |Sites|Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
? ing P, ] in
s bube m s bub% P
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
T
30 3 3.072 0.378 0.195 2 3 | 4.697 0.637 0.640 3.452 0.470
4.094 0.354 0.182 i 4,884 0.273 2 3.949 0.238
6.510 0.313 0.159 4.983 0.315 4.104 0.290
2 5.646 1.017 601 4 3.033 0.387 0.200 ]
54400 0.402 4.066 0.449 0.234
80 5 3.224 0.480 0.251 1 3 5.585 0.271 0.227 5.012 0.101 0.027
4.252 0.518 0.272 5.766 0.298 64431 0.393 0.204
4.674 0.328 0.168 5.900 0.481 'l 653 4 3.055% 0.434 0.226 0
5.050 0.176 0.083 5.008 0.103 0.028,
6.429 0.325 V.l66 5.635 04342 0.176,
120 4 3.083 0.326 0.1617 [¢] 6.472 0.351 0.181
4.l44 0.417 0.217 685 4 3.016 0.304 0.247 0
5.652 0.286 0.219 3.907 0.492 0.258
6.444 0.327 0.167 5.000 0.251 0.168
160 1 6,445 0.401 0.208 2 3 3.118 0.367 0.724 6.398 0.540 . 0.284
3.460 0.929 715 4 3.028 0.347 0.178 [}
] 4.053 0.392 3.833 0.292 0.228
H 4 4,692 0.36% 5.051 0.732 0.387
. 4.959 0.218 6.551 0.200 0.107
i 5.292 0.475 754 2 3.090 0.370 0.191 1 4 4.853 0.21}) 0.177
H | | 5.676 0.335 6350 0.367 0.189 4.908 0.292
H 195 6 3.045 0.391 0.203 0 5.183 0.278
[ | ' 3.601 0.163 0.07L 5.217 0.240
N 3.928 0.355 0.183 799 3 3.044 0.441 0.230 s}
- 5.176 0.429 0.223 4.994 0.130 0.045
- 5.621 0.358 0.184 6.376 0.481 0.252
_ 6.452 0.41> 0.216 833 3 3.034 0.361 0.186 0
= 240 2 5.032 0.170 0.077 2 2 3.076 0.282 0.341 4.987 0.093 0.023
- 6.484 0.358 0.184 3.120 0.371 6.462 0.301 0e242
- 3 3.544 0.321 883 1 6.392 0.383 0.198 3 5 3.054 0.343 0.737
. ) 3.878 04460 . 3.625 0.798




154

4.132 0.179
270 2 5.014 0.175 0.082 1 4 3.213 0.505
6.434 0.322 0.164 3.573 0.339
3.780 0.319
3.978 0.418
325 3 3.995 0.402 0.209 1 3 3.119 0.363
4. 759 0.286 Uv.219 3.128 0.416
6.502 0.318 0.162 3.483 0.305
365 5 3.107 0.295 0.233 0
4.674 0.290 0.225
4.726 0.172 0.079
6.130 0.252 0.170
6.514 0.318 0.162
400 1 64407 0.424 0.221 2 3 3.092 0.282
3.100 0.2600
3.439 O.474
3 4.451 0.485
4.968 0.549
5.077 0.306
443 2 5.592 0.429 0.223 2 2 3.029 0.269
l 6.424 0.316 0.161 3,277 0.219
2 4.889 0.397
5.129 0.355
489 5 3.052 0.377 0.195 o
3.524 0.776 0.410
4.442 0.653 0.344
5.010 0.123 0.040
6.408 0.477 0.249
519 2 5.632 0.305 0.249 1 5 3.150 0.500
6.391 0.419 0.218 3.667 0.534
4.025 J.618
| © 44501 j  0.335
4.948 0.559
564 2 4.944 0.178 0.085] 2 3 3.050 0.333
6.476 0.335 0.172 3.045 0.230

0.368

0.244

0.535

D.254

0.623

0.317

9217

958

1001

1033

1063

1095

1140

4.932
54185
6.375

5.000
5.320

3.054
5.317
6.471
6.363

3.066
6.461

5.694
6.512

3.107
4.978
6.421

0.183
0.194
0.453

0.111
0.403

0.281
0.521
0.315
0.471

0.271
0.386

0.781
0.201

0.254
0.091
0.328

0.090
0.101
0.236

0.033
0.209

0.211
0.273
0.161
0.246

0.196
0.200

0.413
0.108

0.172
0.022
0.168

4a347
4.919
5.258
3.149
3.218
3.656
3.728
3.948
4.068
3.076
3.503
3.722
50203
6.495

3.010
3.491
5.032
9.313
3.464
3.562
3.829
4.137
3.045
3.264
3.774
4.905
5.069
3.850
4.196
5.476
5.558
5.841

0.546
0.555
0.588
0.390
0.330
0.259
0.403
0.371
0.209
0.415
0.438
0.197
0.280
0.304

0.386
0.577
0.419
D.264
U.241
0.223
0.263
0.698
0.251
0.1806
0.882
0.217
O.141
0.311
0.380
0.292
0.357
0.439

0.418

0.345

0.382

0.298

0.340

0.397

Total number of sample frames, k, 56.

Total number of single bubbles, h, 155.

Total number of merging bubbles, 187.

Average instantaneous bubble population, napy, 6.11.

Average area fraction of influence of single bubble, Ps,avs 0.185.
Average area fraction of merging bubbles, Pm,avs 0.25487

Standard deviation assoclated with op,av, 032254.

83,755 movie analyzer unlts equal 0.75 inch; left end reading, 2.895; right end reading, 6.650.
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TABLE II. - Continued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER.

[1/16- by 3/4-in. heating strip.]

(1) Test fluid, methanol; run 63-2-6-3

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles W
Sites | Bubble Bubble Area |[Bites|Number| Site Site Area Sites | Bubble Bubble Area |Sites |Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
[ ing P [ ing
s bub-~ n 8 bub- om
(a) (a) bles | (a) (a) (a) (a) bles | (a) (a)
0 1 5.008 04153 G.063 1 5 3.038 V.229 Jea0l o982 Uesndl
3.263 U.220 lo01l 3 24026 0.315 U.161 1 5 D026 Je 2086 J.217
3.93% Ue3%0 4.37n V.43l 0.220 Yel3o Vel 34
3.986 0353 0394 D.432 Jel20 5e339 U209
4.375 0.405 2.996 04225
30 3 3.081 0.435 Ue224 1 4 4.147 0.446 0.48s >.858 U.378
3.544 0.367 0.190 4.501 Uad22 1033 2 3.07s 0. 302 velbo 2 2 4.0 Uslu2 Q. 361
6.335 0.538 0.284 4,905 04459 4341 0230 Ualt3 sal72 U.429
5,514 UeT58 2 De953 0.372
80 2 j.r8l 0.313 (VPR ¥.10) 1 4 3.440 Ve79l Uetll 6.327 U.5060
0.391 0.438 0.229 4.435 U.399 1099 k] 3.017 0.291 ve224 0
4.900 V531 4.40¢ C.012 U.324
5.032 0ud3y 4968 Ual506 Usl8u
120 6 3.066 0.273 0.201 0 6.000 Q.47 wells
3.0l0 0. 4069 V.1849 Gehbu Ou362 UelTo
4,232 0.31% v.lbl 1140 1 Vet Tu Ue232 a2l 4 7 3.u30 0.250 u.791
4.745 V.297 Oe235 Jelld Jeol?
2.311 0e.313 U. 160 3. 729 [UAVE ]
©.434 0.398 v.207 4,661 Ben4?
160 3 3.082 D.315 .16l 1 3 4.363 V. 320 J.202 4.68Y 0. 340
2.871 C.000 Ue3ds 4.612 Uet04 4,660 Jedly
0.458 0.321 U165 4.867 0.190 3790 vl sl
195 2 3,083 0.380 Ue194 2 4 4,331 Uelll Jenbi | 18w L v.333 C.433 Ce221 2 4 3.083 Jadvl v.ll7?
3.858 0.334 Ja.172 4.641 J.a2l 3122 e Pho
5.038 0.0l 4e401 Qe d3
5.370 d.347 4ol Gadadt
2 5.910 Uatt72 4 4 771 vedbl
6.3¢14 0en790 Det)2s 0a302
240 3 3.09¢ Ce 34l UelTo 1 2 5.497 V.338 Jel3s EPRL N Ueslo
3841 0.790 Ja423 5.809 Ue29¢ selul Uesls
4o412 0.192 0.1l0u 1223 1 44367 0.290u G.2217 2 > 3.03 Ue 1% Jetofl
4. 094 0.235 Uel4?d Se31l Jel3 1
3.110 0.131 Ue04n 3ons0 V.34l
beblu 0.302 V.246 3480 Je3Ub
270 5 3.1l .28l U214 t 2 4,890 00322 ' 0.t6o [SNVETS Yo o2
3.71> U.293 v.232 5.224 Oebul Z ael90 Ve 308
4ab 1t Qo371 J.193 5.4563 Lozl
» JaT43 0.413 U210 1261 P 3a0by 0.315 {alb1 L 3 54527 V. 326 el224
64424 0.474 Oelded . 4.730 Ua.ddn 21y 3.769 Ue230
325 2 44352 0.457 Ue2by 3 3 2.987 0.273 J.48) e8] 0.237 Jelne 4.074 Gawln
S92 0.288 C.224 3.1938 U.260 Ie08s Debby vedd .
EY V596 o.340 UettH9 ue241
2 S.u87 0.336 3Lt " Gah24 Ua2Uv ualls 1 > FVIVY Je2nb 1o o,
5.367 U342 44T O.139 VL 3.01n Jed i
2 6.21n V. 340 4. )84 velo? .97 3340 Caln
b.a1l Vel T D460, Va7 U.23{ yen93 Je33
365 2 RN O.342 uelTo 2 2 3.4343 V.47 V.46, 0. bbb 0.2n3 La2le PR Salal
>.0L90 el el T/ 40372 Va0bl vehl U.lo67 [FINVN S
2 6.132 U490 (R 14 EREiY CoGedun LT 2 2 1.114 Uedag LAl
TN 0. 337 0.465] U. 249 velno Jenud sl
4Q0 1 Jeude Ve s HelY ! 1 6 a4 u.250 e09L 3 hal33 traalt
’ “atr63 1.568 Galiw G0l
hoife uv.85% 4.592 sedlll
Jehod e 365 lall 1 3009 Dednh V.21 2 2 Ze 394 Dalul Je33s
re M08 ve36é Sele Le 31
Gedol }.460 2 FEIEELS [ YA
463 2 b4.42 0.254 0.174 2 2 Seu3l U285 S.ib Jeil > Haldn
6.413 Can0/2 0.264 Sel4d v.240 Laatl > el Neen? el 2 s Al ? Jefla v e




Sy

b4

oul

653

2%

754

739

833

98

3.034
34714
4,397

w5t

4,028
4,771
24304
64453
3.173
Lebbl

4.389
b.365
ved3s
Gat 11

Jeli31L
484

2075
L339

3.u%c
3.930
4e91n
306U
44350
G364
3.064
44354

G624

O.363
Vo084
Val62

Lelbl

0.403
0.322
0.301
Cah0L
Vet33
V.284

C.506
G.6717
Ua74y
0.212

0.290
0570

U. 36l
0,375

O.347
Getoo
0.2061
U.287
0.382
Ue&d9
04295
0.307

0.185

Oel8s
Laldbd
Ua.l38

0.084

G.21u
U.l63
0.24>
U264
Ve33b
Vo2l

Ua260
Ue359
U39/
v.121

u.22/(
V. 304

EPYE-¥
Uel9b

UalT
Ve239
U. 184
Ua222
Uael9y
D.25¢
Uel23H
Ue254

0.092

[N

~

4.933
Se3l4
44927
5.280
bel31
LetS{
3.159
3.494
3.691
34969
3.967
4.448
4.812
2.004
22302
307
34304
J.bd4a

3,475
b4a338
44850
L2 T2
3.06%
3.296

3.063
3.4059
54660
2.955
5.911
6326
3.829
44353
4.911
44960
4.371
4.883
5.024
2.439
5.4l
6.057
6.418

.60l
3.401

3.631
3.895
3.934
4,866
5.039
2.484
L. 106
0.44Y
3.081
3.400
3617
3.4875
4.003
4,206
44379
9125
S.625

0.300
U.463
Ve?1>
0.502
De363
O.441
0.509
O.l168
Uela?
0.274
0e546
U.4lb
G.313
U.322
Ue 285
Ua369
V. 172
U. 308

Vo271
U533
0.550
00626
u.331
V319

U.338
0.517
0.245
0.345
0.330
U.409
0.356
Vab93
0.373
U.340
V.b35
Ve 388
0.287
U.212
0.394
G329
Ue393

Vedlib
0.302

0.265
0.311
0.409
Gel79
U.167
O.842
0.178
0.506
U.302
0.337
V.21L7
0.178
U.29%
Uez94
0.275
0.718
0.283

U.3647

G.733

.16y

U.483

J.141

Qe492

0.42¢

0.620

Uelbs

0.274

0.0l

0.6717

1486

1521

1571

leuu

1640

1690

1733

1766

1813

1858

189vu

19217

3.524
44087

3.001
4.873
0.431

3.074
3.5984
4.133
4.49)>
6388
3.061
3.490
Y.860
6.433
5.023

D.967
6.403

3.037
3.969
6.318
3.070
3.961
4.381

3.050
3.91u
4,997
0.378
2.-980
4.387
.76l
6. 380
3.054
2.U020
0o 384

4,964
2+5306

3.072
4.400
4,890
54376

Ge283
D.441

[PPLT)
0.411
0.38%

0.383
0.202
0.199
G.345
C.a7t
U392
0.383
UedlY
Ue387
0.540

0.451
0.350

G.322
0.506
04555
0.407
0.167
0.145

0.373
G.173
Ualas
0.4
C.182
0.294
Uetle
Oeb69
0.289
G.333
Ue 17

0e290
0.00y

0.247
0.050
0.237
U. 488

Vedlo
G.231

Ua24u
Ce2l»
UelUs

UelFi
0.110
vel0/
Jal7b
0.251
Uel00
Uel97
v.2Tl
U.201
Je362

0.230
U.ldl

V. 169
Uelbo
0.293
V.212
V.07
Uet}o /!

0. 194
0.081
veObe
Ualbs
u.0nB9
a3
Ue 324
U.240
U.22%
Jel71
Uelbl

V.7t
Le3l?

Uelbo
Ue 340
U.152
G.257

44994
2.400
babel
vetrla
4.1l
4.432
.87
1.948

4.uld
4.3617

Jel2d
Je4ol
3.0624
4,058
44390
5. 799
6.179
5.23]
j.ule
343806
3.744
4.003
4431706
44895
be24d
4.9106
24270

h.122
9329
.4006
b.338

3070
3.878

3e079
4,029
2.468
3.4810
3.137
3,393
3.640
j.dld
4.028
4.4006
54278
b.454
bellu
belll

U333
V. 3dn
Valds
Va3l
Gasad
UelH3
Jeldll

UelbD

delbu
Ja3i3o

Va2l
Ua 3065
Gete !
Ua389
U.2 14
Ue652
ue3Q)
0. 394
Ue3ll
Jet2?
Ua2nl?
Jelol
U.4d4
U.260
Vet ld
Ualbs
Uetb0

0.272
Vo320
DI PR)
Ueb 3D

Geb69
Vo284

Jae il
Vo34
04620
0.523
G.427
04315
U.378
V.244
U386
0.371
G.298
Ue313
U.140
D.a2/{

Ve doL

delv

Jellu

Jev4s

Uelbn

e 38

Jel9y

Ry

J.001

Je.127

23,737 movie analyzer units equal 0.75 inch; left end reading, 2.886; right end reading, 6.623.
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TABLE II. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER
[1/16- by 3/4-in. heating strip.]
(1) Concluded. Test fluid, methanol; run 63-2-6-3
Frame Single bubbles Merging bubbles Frame Single bubbles Merglng bubbles
Sites | Bubble Bubble Area |Sites |Number| Site Site —[ Area Sites |Bubble Bubble Area |Sites|Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
P ing P, P in,
s bub- n 8 lbuoe ¥m
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
1180 2 4.l66 0.350 0.180 2 2 L 3.050 0.268 0.394‘5 6.044 0.303 0.245
4.970 0.095 0.024 3.128 0.273 ! 1813 4 4.326 0.860 0.456 1 2 2.950 0.195 0.052
3 5.525 0.399 4.925 0.124 0.041 2.985 0.199
5.927 0.40% 5.566 0.332 0.170
6.350 0.440 6.396 0.298 0.237
1223 2 3.045 0.160 0.068 3 3 3.449 0.499 0.660 1858 2 5.569 0.333 0.171 3 2 3.001 0.197 0.257
54454 0.325 0.166 3.858 0.318 6.502 0.216 0.125 3.083 0.262
4.205 0.377 4 44165 0.176
2 4.943 0.654 4.306 0.157
4.855 0.231 4.310 0.172
2 5.841 0.339 4.563 0.336
6.180 0.433 3 4.846 0.206
1261 2 3.067 0.356 0.183 1 2 3.743 0.293 0.135 4.819 0.089
4.994 0.371 0.192 4,063 04346 4.953 0.179
13L1 4 3.029 0.359 0.185 0 1890 2 2.918 0.288 0.222 2 5 4.189 0.337 0.394
4.223 0.571 0.300 5.203 0.611 0.322 4.360 0.230
4.856 0.278 0.207 44324 0.256
6.3906 0.407 0.211 4.618 0.351
1359 1 4.894 0.138 0.051 3 3 3.044 0.357 0.803 44763 0.191
3.053 0.368 . 2 6.039 Q.324
3.477 0.585 6360 0.318
2 42389 0.396 1927 3 5.231 0.189 0.09¢ 2 2 2.954 0.243 0.307
4.617 0.359 5.597 0.319 0.163 3.038 0.211
2 5.816 0.838 6.519 0.351 0.181 4 44135 0.281
6.425 0.411 4.401 0.250
1411 0 2 4 3.000 0.247 0.466 4.637 0.358
3.105 0.341 44903 0.304
3.202 0.286 1965 2 3.022 0.315 0.161 1 3 44736 0.407 0.286
3.483 0.373 6.526 0.226 0.137 5.198 0.517
2 5.828 0.376 5.608 0.302




Ly

1441

1486

i521

1571

1600

1640

1630

1733

3.033
5.725
6.006
6.376
2.997
6.057

3.064
4.841
6.295
3.053
6.196
6423
3,068
6.292

5.083
5.561

2.968
4.835
5.164
5.598

0.367
0.334
0.272
0.406
0.308
0.311

0.267
0.393
0.487
04440
0.258
0.331
0.402
0.571

04155
0.237

0.267
0.302
0.392
0.243

0.189
0.171
0.198
0.211
0.25%
0.259

0.191
0.204
0.255
0.229
0.178
0.169
0.209
G.300

0.064|
0.150]

0.191
04244
0.203]
0.158

64263
2.981
3.051
4,843
4.809
5.214
5.987
6.360
4.746
4.791
5.009
5.290
4.301
44691
4.709
5.211
5.622
5.881
S5.417
5.74%

4.847
4.855
5.198
5.585
2.985
3.186
5.945
6.291

0.495
0.183
0.263
0.675
0.270
0.541
0.357
0.389
0.236
0.250
0.290
0.310
0.542
0.238
0.275
0.396
0.427
0.233
0.270
0.384

0.246
0.515
0.372
0.403
0.227
0.250
D.419
0.341

0.598

0.199

0.456

0.138

0.350

0.252:

2000

2029

2069

2117

2152

2192

2237

2274

4.597
5.583

3.061
6.371
3.155
5.579
6.402
3.019
4.574
4.919
5.557
6.503
3.032
5.564
6.433
2.995
5.195
64443
2.969
4.873
44962
5.161
5.353
5.586
2.961
6.378

0.097
0.094

0.392
0.385
0.292
0.309
0.365
0.375
0.493
0.141
0.338
0.265
0.291
0.195
0.362
0262
0.670
0.271
0.275
0.205
0.161
0.165
0.240
0.298
0.259
0.514

0.025
0.024

0.203
0.199
0.228
0.255
0.188
0.194
0.258
0.053
0.173
0.188
0.226
0.102
0.187
0.184
0.354
0.196
0.202
0.112
0.069
0.073
0.154
0.237
0.179
0.269

NN

3.064
3.036
2.952
3.110
3.036
3.232
54144
5.281
6.023
6.360
4.575
4.887
4.938
40943

4.601
4,931

5.959
6.269

4.715
4.900
5.210

0.155
0.120
U.168
0.149
0.224
0.169
0.330
D.193
0.303
0.371
0.497
0.424
0.106
0.147

0.29%
0.366

0.389
0.405

0.340
0.120
0.531

0.355

0.225

0.022

0.142

0.187

D.218

Total number of sample frames, k, 47.
Total number of single bubbles, h, 130.
Total number of merging bubbles, 202.

Average instantaneous bubble population, nay, 7.06.

Average area fraction of influence of single bubble, 95 gy, 0.208.
Average area fractlon of merging bubbles, op ay, 0.3695)
2,

Standard deviation associated with om,av, 07214

23,737 movie analyzer units equal 0.75 inch; left end reading, 2.886; right end reading, 6.623.
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TABLE II. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER
[1/16- by 3/4~in. heating strip. ]
() Test fluld, methanol; run 63-2-6-4

Frame Single bubbles Merglng bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area [S5ites|Number| Site Site Area Sites | Bubble Bubble Area |Sites|Number | Site Site Area
center width frac- of center width frac- center wldth frac- of center width frac-
tion, merg-~ tion, tion, merg- tion,
P ing P ing
8 bub- m ¥s bub- ¥
(a) (a) ‘bles | (a) (a) (a) (a) bles (a) (2)
VI 4.664 0. 156 U.060 1 5 2.352 0.391 | 0.497 4 54391 0.341
4.all 0.165 U074 3.138 0.431 54724 0548
5.320 0.¢69 0.197 3.645 G.582 9.851 0.373
.22/ 0.427 0.224 4,020 0.268 ! 64229 04462
4364 0.420 449 2 4.821 0.191 U.099 1 7 2.854 0.309 0.516
Lo L 6.245 0.321 0.166 3 3 2.915 U.354 0.0l6 6.191 0.481 0.254 3.126 0e234
3.285 U.387 3.354 0.313
3.630 0.303 3.595 0.169
2 4.834 0.216 3.854 0.361
4. 904 0.535 4,289 U.582
2 5.440 0.451 3.929 0399
5.840 0.360 519 2 44335 0.396 0.207 2 4 2.884 0.298 0.522
' 120 1 4.dbd UeaTl 0e249 2 9 2.913 0.419 Ja.b73 4.792 0.221 Uel33 3.175 V.284
: 3.269 Ue350 3.499 03065
3.576 0.2173 3.797 V466
3.631 0.320 2 be813 V424
4.050 0.v18 6.239 0.429
2 2.821 04502 564 1 64170 0.574 0.300 1 6 2.889 0305 D.633
0.30% U.a067 3.097 0.361
160 3 4.149 0.2170 0.199 2 6 2.858 U.201 0.497 3,471 0. 387
5.H865 04299 0244 2.983 0,109 3.858 0.386
vel4l 0.363 0.183 3.098 0.131 44435 Ue768
3.158 0.132 4,785 0.426
3.360 0.212 Ul u 3 3 2.481 0.280 0.70%
3.70¢2 0.412 3.136 0.230
4 4.992 0e244 3.37L 0240
4,909 0.391 3 4,496 0.300
b.lu2 0194 4.577 0.307
54284 0.o14 4.893 U510
195 3 2.87» J. 315 velo? 2 2 4. 386 Ue323 Ue357 2 5.584 O.04b
.68~ 0e393 0.183" 54340 U.433 0.l59 0.610
4.373 0.303 e25u 2 v )02 U.376 653 ¢ 34543 0.160 V0TV 2 3 2.901 0.367 0741
6.214 V. 399 4,139 0.191 0.099 3.165 Ue310
24y 2 9.377 0317 Ual63 L 8 Z.893 Ueldlt Uel3b 3.264% 0.280
0283 U341 v.lT7 3,144 0.351 6 4.718 V.30l
S.448 0.333 5.135 Uebh9
3.708 O.087 4250 0.267
4.069 0.310 5.569 0.259
44363 Va440 be 745 Vello
4,831 U.491 6.138 0.635
41Ty Ue26% 68> 1 0.391 0.278 0.211 1 10 2.498 04337 0.67¢
27u 1 60.191 G.olu 0.324 2 12 2.474 0.171 0.567 3,220 0.306
243107 U.129 3.786 0.920
2.999 PIPEN 4.390 e247
5.252 0.211

beb64 HedB>




6%

3.273 0.323 ' 4.624 04203

34969 0.264 4.78¢ 0.200
3.674 0.294 4,940 Ue3b2
3.487 U.2u4 5.266 1Y
4.014 0.214 S.286 0.20¢
4el85 U.154 715 2 2.860 0.317 0.163 1 10 3.361 J.4l5 Ga 158
4.223 0.165 6259 0.419 U.220 3.733 D.269
4,399 0.308 3.984 Ue232
2 4.77> U269 4.118 0.236
4.4138 V. 307 4.260 0.321
325 0 2 6 2.458 0.287 U.992 44304 U.280
2.485 0.276 4.65% 0524
3.185 04325 4.982 Uas29
3.430 0.393 v.369 U344
3.114 U.346 5.693 V.36Y
3.957 0.358 754 2 5.364 0.357 C.186 2 4 2.8238 U.324 U.473
5 4.822 U402 6.184 0.476 0.251 3.153 0.401
4,800 V.41 3644 0.181
54256 Ue499 3.486 Uelds
5.761 0.510 3 4,460 0.437
0.238 0.444 4,697 0.374
365 0 2 7 2882 0e312 0.843 4.925 U.332
3.113 U.151 799 1 Debly 0. 350 UelB2 3 3 2,862 0.280 0.386
3.298 0.218 2.948 0.313
3.965 U.317 3.157 0.278
3.813 0179 2 4.4TY D.234
4.067 Uetbl 44580 v.210
4,046 U.292 2 5911 0.167
7 4.793 0.280 6.247 0.505
4.831 0.220 843 1 6.093 0.499 U.264 2 2 2.868 0.296 0e357
Sells D366 3.166 0.301
54459 04349 2 4.348 0.485
5.800 Ue333 4 176 Uet64
S.867 0.240 883 0 3 2 24921 0.305 J.458
6.212 0.450 3.141 U.306
400 3 3.594 0.197 U.100 3 3 2.873 0.272 D.365 2 3.678 0.748
4.767 0.224 U.137 3.ubs 0.191 4.208 Ve313
6.32 0.283 0.21b 3.221 V.266 3 4. 195 0.289
2 5.806 0.271 5.302 0.883
4,061 U.274 b.089 D.691
] 5.131 0.209 9217 3 2.861 0. 306 Ue255 2 3 3.482 04249 U.303
. PPN 0.443 \ 4.383 0.347 Vel75 3.718 0.222
443 0 3 5 2,494 0+350 0.418 [ 6.333 0.247 0.166l 3.099 0.260
i ) 34177 0.217 5 4.887 0.187
34519 G.467 bel0/ 0.253
3.733 0.386 5.331 0.195
4.058 0.265 54557 0.257
3 4,716 D.196 S.811 0.250
44859 V.083 958 0 3 2 2.840 0.202 0.713
4,934 Va0 /5 2.989 0.197

83,720 movie analyzer units equal 0.75 inch; left end reading, 2.743, right end reading, 6.463.
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TABLE II.

(J) Concluded.

- Contilnued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip.]

Teat fluld, methanol; run 63-2-6-4

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites |Bubble Bubble Area |Sites [{Number | Site Site Area
center width frac- of center width frac~ center width frac- of center wldth frac-
tion, merg- tion, tion, merg- tion,
? ing P in;
8 bub- m s bub% P
(a) (a) bles (a) (a) (a) (a) J bles (a) (a)
1
T o2 7 3.562 0.275 1600 2 5.021 0.121 f V.04V 1 4 2.880 0.225 0.260
L a.078 Oel>7 64352 0.216 g.127 2.912 0.298
14 4e810 Je 249 3110 0.235
44959 V23> 3.482 0.508
240306 J.309 to4y 1 24912 04365 U.190 3 2 3.322 0.340 2.801
e 315 V249 34995 V.20l
5e513 0.147 ‘ 3 4.276 0459
b.776 U.378 C 4,750 0.352
6.205 Ve480 4,837 Uae?h
Loul 3 o832 U. 308 Uel5s 2 3 3.383 0.521 U.545 3 5.452 0.417
40817 0. 341 Ve l7/ 3.723 Uet5) 5.885 U.468
2.234 0.320 Jelbo 4.103 0.468 6.138 0.537
2 2721 ‘0.308 1630 o 3 3 3.34l Le425 0730
vell? et B4 3.580 U.2806
1063 2 2.342 0.229 0.143 4 2 3.l61 Ue262 U586 3.762 0.203
0e265 0.340 0.l70 3.434 0.284 5 4,253 04354
2 3.767 0.320 4,255 Oe230
4,040 0.3606 4,650 04555
2 helBo Je 373 5.091 0.332
4.791 0.270 Deudt V419
3 Yeblo 0.297 2 6.100 V.248
2795 V.460 be303 D.316
24353 Uell3 1733 4 24870 0e315 Uv.162 3 4 3.287 0265 U.312
L0Y> 3 3.811 0260 0193 2 2 2.857 3.318 0.290 5.18% 0.287 U.224 3.482 U.125
4. 064 U. 309 Uel9u seuls 9.278 2.46 0.245 Uelbh 3.093 .26
o.lle V.60Z J.320 2 2.308 0.332 0.25u 0.368 U192 Job12 v.247
5446 0.348 2 4.201 U198
1140 1 54360 V.274 0«20 &4 2 2.85%0 0e249 V.66 4,278 Va0
3.010 U.238 2 4.624 0.2u6
3 3.514 0.269 4.900 Ue3v9
3.152 0«399 1700 ? eG4t 0.261 L.18b6 4 2 2802 U.240 Je23di
4.<¢20 IR L] seoly 327 G.1649 3.069 u.lls
2 4,644 Ue243 2 4.225 0.308
). 004 U.tL76 4,269 0.220
2 ball2 0a419 3 4.631 0.345
ve3t2 Je2nd 4,999 Ge 391
11sv 2 50220 U.244 V. lbe 4 2 3949 Gaai3 ISEY-2 4,748 U.U93
y.sL? 0.299 Uel24h j.t8T0 Ual199 2 5.8lu Ve327
2 4.234 0.424 54206 O.404
4.559 0.224 [ RS T 24486 0.367 U.191 1 2 4.630 U.209 daiQe
2 De0hY V.271 s.468 0.4%a Ue264U 4. 904 Vo327
.20 Ve2bd 4 184 Vebua u.267
1273 o 3.844 0.197 J.100 i 3 2903 Gedlb J.174 2.430 Oetilo 0.224
“4.23 Q.374 Ual? 3el94 0.2063 5.830 U. 374 L.19
4,004 ["PPLY J.l8u 3.473 Va2 1yuy v 2 8 2.872 U311 Veuda




1S

5.248 0.279 0.212

54760 0.540 0.286
64172 0.412 0.216
1201 4 4.162 0.330 0-171 1 3 2.779 v.226
4.783 0.130 0.050 3.008 0.233
5.792 0.317 Uel63 3.2817 V. 324
b.165 0.333 0,17
1311 ¢ 5.208 0.734 0.392 2 4 2.875 0.333
6.233 0,419 0.220 3.101 0.118
3.290 V.26l
3.622 0.402
2 4,602 0.309
4,773 0ells
1359 4 2.874 U.310 04153 ¢ 2 4.531 0,179
3.693 0.294 0.23> 4.952 7.833
3.953 0.145 V.05 T 2 5.9134 v.272
5,656 0.129 0.045 6.241 U422
1411 0 2 4 2.920 0.320
3.166 0.173
3.487 0.469
3,227 0.208
5 4.820 0.304
5,077 0.298
5e431 V.49%
5.802 0.309
64201 U.468
1441 2 4,945 0.186 V.09 2 6 2.847 0.255
4,794 0.280 V214 3,052 0.1%4
3,227 0.197
3.359 0.300
3.659 0.300
3.971 0.469
2 5.371 0.211
S.b44 0.135
1486 1 6.360 0.187 0.09> l 2 2.90¢2 0.352
i 3.194 0.233
2 3.990 0.658
4.459 0.334
3 4,832 0.230
5.087 0.281
5.434 0.413
1521 2 24908 0,305 U.253 3 2 4.075 0.506
5440 0.315 V.190 4,492 0.329
2 4,698 0.244
%.993 0.393
2 5.010 0.149
6.230 0.290
1571 1 2e460 0.615 0.327 1 3 2.856 0.266
3,074 U171
3.336 0.420

Uelbe

04300

Ja39s

Uebb3

Cedoy

0.951

0.400

0.170

1890

1927

1965

200y

2029

1

4

3

2.89U

2.857

2.86Y

2.901
3.661
4.81u
2.515

2.891
4.940
6.212

Ve.249

0e249

0.291

0.360
0. 624
0.251
0.318

0.330
V.211
0.468

U.l69

Vel6d

v.187
U.33¢
U.17¢
U.lba

0.171
0.121
Ue 247

2

3

2.988
3.209
3.439
3.919
4.230
4,009
4.855
5.248
5.157
b.241
3.709
4,085
4.619
4.750
4.981
5.405
5.771
©.200
3.605
3.932
4a617
44990
2.052
5.184
Da403
D.918
218
3.60%
4,104
4.576
4.81l6
4.885
5.159
5.202
5.511

5.918
6.239
4.151

4.331

4.260
bello
5.140
5.837
64139
3.560
3.699
4.571

4.769
D335

5.70¢

Ue3la
Ueod
UetuU3
U. ol
Ju2ls
Va0
[ A
0.577
O.541
Qad2i
0.453
0444
0.351
O.l66
v.368
0.o17
Ul 381
0.471
04313
0.340
0.574
0.218
g.207
0.15%6
U.342
0.168
0.433
Ue 348
Vebb2
U213
0.2067
0.230
0.318
0.294
Vettb
Uat33
0.380
0.233
04126
0275
0.212
0.200
Ue241
Ga457
0.285
0.273
0.357
O.14)
O.418
U357

U.569

Oe80u

.30

Je 384

Total number of .sample frames, k, SO.
Total number of single bubbles, h, 92.
Total number of merging bubbles, 373.
Average 1nstantaneous bubble population, ngy, 9.30.

Average area fraction of influence of single bubble, ®g,avs 0.189.
Average area fraction of merging bubbles, ¢, , 0.5346.

Standard deviation associated with Pm, av? 8i§¥64.

23,720 movie analyzer units equal 0.75 inch; left end reading, 2.743, right end

reading, 6.463.
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TABLE II. -~ Continued.
[1/16- by 3/4-in. heating strip. ]

(k) Test fluid, methanolj run 63-7-2-2

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area (Sites |Number| Site Site Area Sites | Bubble Bubble Area [Sites |Number| Site Site Area
center width frac- of center width frac- center width frac- of center wldth frac-
tion, merg- tion, |! tion, merg- tion,
ing in P,
Ps babe m P g m
(a) (a) bles (a) (a) (a) (a) | bles (a) (a)
] 1 3.421 022> Ue2l4l 4 3 3. 170 0.182 Jab71 ‘ Gebl) U.221 b 1
3.902 Ual31L ' i 4.679 Ua315
4.00b Oel71 3 5.281 0.2217
2 4.326 UVa290 5.487 0.172
44069 Ve230b 54662 0.179
2 4942 Ve 3ob 2 5.990 G273
Ded35 04260 5046 0.162
4 5.99¢2 U.l5% 489 1 3.42¢ 0.25%4 U.174 3 3 3e741 0a173 V.57
vel53 0.204 . 34902 O.143
2.857 0.1%0 ' 4.100 Uedhe
o.ULY G.209 4 4.496 0.203
4 1 3.873 V.216 U.222 4 2 3.429 0.240 0.o82 4686 0al7/
) 3.4317 Ua156 4.885 0.221
3 .262 3.700 2.159 0+318
4.334 Ue232 4 2 5.711 04315
Geb22 O.144 5.970 0.303
4 5.010 0el55 519 s 600> 0.223 U.ZSUI 1 11 3.450 0.292 0.798
2.041 U.170 i 30025 0.2406
5.273 0.3006 3.918 U140
S.lbl Dal4d> | 4,161 Dedai
3 Yel23 V.239 4.45%9 O.248
D thh U.203 4a57d U.236
b.UG6 0148 \ 4,753 0.228
80 1 3.443 0.239 U.163 3 3 44,007 Ve 398 Jab24d \ 5.004 0.275
4.338 Oe20% 54163 Ve242
4.5517 Oell4 S5.411 Ve255
4 4a34Y8 0.204 ! 5.661 0.244
Velb2 Ve225 564 ] 3.460 0.319 0.222 2 2 3.765 0.158 0.280
b.218 Ue249 4.40> 0.320 U222 3.986 U./8%
24391 0.184 44,968 0.l48 U.104- 2 5.759 0.290
4 2.608 0.133 | 5992 D.261
2. 740 0175 6ul 2 4,013 0.224 0.239 3 2 34388 O.154 0.303
9.H863 0.230 4.43¢6 0.232 U256 34459 D296
. 6.029 Velild 2 4.936 0.178
120 2 3.507 0.337 0.271 2 5 44306 0.288 Jat3> 4.4998 0.133
2.650 Oalbs Ualie 4e5406 Uel93 3 " 5.840 Ge204
4,710 Calb9 54971 U.19%0
4,977 0.353 b.049 Oel®2
9304 0.301 6573 4 3.421 0.226 Qa263 2 2 44209 0,133 0.191
2 54922 0199 3.770 0.220 0.231 44356 0.161
beU98 0.148 4.932 0.173 Oel4s 3 S5«664 D.169
160 1 3.454 0.289 0.200 1 16 3.849 Vel69 U.845 5.225 0.217 0.224 %803 Dalb7
4,021 0e21% : 6.009 0.255
4.245 0293 685 0 3 2 3.436 Vo248 0.70L
4.234 04154 ' 3.657 0e195
4.485 U.l80 4 34919 0226
44681 0.234% 4.080 0.203
44669 0.238 44203 Oel35
4149 0.25%6 40395 V.2648
9.000 Q.246 5 4.897 0.185
$.219 0.193 5.205 0.430
Y0438 0a265 5.566 0.292
5.024 Ve153 5.823 0.223
belb3 0.124 64030 0.191
9.753 0.246 715 2 3.452 0.284 0.190 3 4 . 3.838 Oeli2 Je.aTl




€S

1o

240

210

365

«00]

443

3.450
3.877

3443
Deb59
6.0ld

3.470
3.799
5.280

3.a41
40947

3.4338
4.932
54600

3.462
“.958
5.546

4.994

0.275
0.168

0.210
0.173
0.20%

0.251
0.353
0.153

0.272
0.261

0.245
0.2506
0.17v0

0.250
0.191
0.411

0.222

0.189
Ue134

Ual9u
UeL43
Ue200

Vel72
0.246
[(RS Y ¥4

v.187
Uel79

uv.167
Ua175
Uel30

UeiTl
Vel T4
0.288

0.235

3

N

N

54857
CRETS
4.323
G.481
4.523
4aT54
5.031
2.063
94291
5. 354
9.492
5e574
».798
vel2l
3.731
3.947
4291
4,460
4ab4Y
4.835
4.861
5.0571
5.298
D.267F
4.301
4,494
4.839
4.'995
2.712
S.H878
6.00/
3.804
4.062
4a333
Gaatite
5.223
5.428
9542
2.661
5.197
94900
b.U44
3.742
3.839
4.067
4a 304
®.516
5. 924
beUl>

3.799

3.889
4.087
4.323
4,505
4.681
5.482
6.072
3.512
3.836
4.062
«.208

0.177
U.Llb
U.209
0.162
Jelbs
0.2U6
0.170
0.234
Jal135
0.127
0.148
Jel95
Ua253
0.193
YelbU
0.240
0.328
0.239
V.2l
O.158
0e250
0.227
0.25%4
0.228
V.237
0.183
Ualn2
Ue.ibt
0.260
V. 200
Ue240
U.292
U363
Gal99
U.220
0.198
0.213
U.221
Velo9
Vel
Uals?
Del51
Ua26%
U.200
0.319
Ue25%
J.100
U.161
Dal7%
ve.247
Ue339
d.186
0,220
V.165
0.207
U.230
D.l16
va.3tt
0.361
2.106
O.186

Uadbu

V.0b60

J0.359

Uet2y

DebTy

Jab83

Ja 38

799

833

843

9217

1001

103 5

5,502

3.460
3.90%
4.231
4.4934
2177
3.201
.87

3410
i.9071
4.547
4.951
2210
.46

D234

3439
4ab2%
4.9%1
ve22¢

Jebbo
3e840
4.25¢
4,073
4975
3.414
4.887

V.211

0.310
Ca 300
tial &3
Uelbl
Del94
043206
0.290

0.307
Ual iy
0.372
Q.LL7
0.18%
0.317

0.293

0.27¢
0.261
0.172
0.201

0.310
0.2517
0.229
0.256
0.192
0.219
0a262

v.21/

Yellu
Ualby
Jat2f
n.1id
weldd
e d2d
vel9f

v.213
v.lbd
Lalih
Va6
u.lbl
U.229

Vv.203

U.L87

Je LO4

Ual4l
U.l192

u.2l>
Oalln
J.250
Ualln
U170
1.228
0.180

4.928
44202
4. 373
4.950
2a182
54757
5.d477
SedThH
ETLEIY
2e6T0
veolo
60D

Ganbh
4en0l
4e324
.12t
2.21>
9+486
2eobl
velUo
N 1706
ERIVERY
1.0b3
2. 790
teu3l

34894
3.915
4.039
4.951
vecll
nel2u
RNV
Seula
3.a80
3.96b
G.u23
4. 3he
4ad02
4.7598
4.436
e 363
2. 703
bentl
b.0%0
2.812
4.u4l
4.511
2.0670
Y.d34
beU12
S.430
Be 008
2. 762
9959
tbeU4]
3a 742
3.721

Jeluy
0133
Jacs0
J.220
wel231
[{EE
Jelud
0.144
Uar27
Uela2
Uelol
JelUb

Ve 1J3
V.14l
Jelil
ue2dl
Uesl3
U.2l20b
Jal9
Ja 236
Je3U4
0.174
Vel7é%
Jecdl
UelU3

Ue2n3
V.ll3
U.371
Uelh?
JeZob
Uedlo
Yel2d
Ja2lh
UednJ
Ue 300
Vel T
UelTo
Jel 29
Gelod
Vel
Uelov
velde
U.2ib
Ualéa
Jelhe
Ua2bl
J.289
Ualva
Ue b 19
0.223
G.lob
0.191
Va231
0D.163
0.159
Uell3
Vel&b

Jeldy

Jaoudn

Jeldl

110

Vad ¥l

v.200

Ja 379

‘2.81§,aovie analyzer units equal 0.75 inchj left end reading 35.3103 right end reading, 6.123.




TABLE II.

(k) Concluded.

- Continued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip.]

Test fluld, methanol; run 83-7-2-2

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area [Sites |Number| Site Site Area Sites |Bubble Bubble Area [Sites|Number| Site Site Area
center wldth frac- of center width frac- center width frac- of center width frac~
tion, merg- tion, tion, merg-~ tion,
1n, ? ing P,
¥s bube ¥m 3 bub- "
(a) (a) bles (a) (a) (a) (a) bles  (a) (a)
5.159 0.228 0.248 4.086 0184 | ! ' 4.773 a3l
4.302 0.299 5.081 U.238
4 5.453 0.209 3 5.629 Jed0y
5.662 0.208 5.719 Jelol i
5.849 U167 5.923 Jelhb
b.0206 0.187 1630 2 3,460 0.329 V.22 4 2 3.875 U273 Uad9e
1003 3 3.4506 0. 308 Ve2l4 2 4 3.l04 0.222 [P S5.674 Oel30 G.U843 4,017 Uelsl
' 4.364 v.127 0.07/ 4.002 U254 2 4.315 0.212
Deb5 [VEPAVE] V.20 4.235 J.213 4,460 JelTl
4. 372 U.280 I 4.872 UelTa
2 Selsd Ve219 5. 100 Ua2d3
9.989 u. 181 2 se3?0 0.il3
tu9o 6 3.453 Cacll Vel9i 1 z 3.717 U.ld1l Jel2o beUOLT O«lu?
4.385 D.2064 Ual81 4,009 Qe 1754 2 3,424 0.233 Uelb s 2 2 Ja8bY LeldlT Uetr 13
4344 0.173 Udlas 4.b43, 0.210 te21lu 4%.130 Jel24
v.400 0.183 Jalou 3 4o f48 REPXE)
.04l Va.l62 Jel2o 4,324 Valél
3499 U.lah Uells ERYMVE] velnd
Llau 4 4.39) 10.253 Guils 1 3 344060 0.297 [P s l7l Del il
4,985 Uell> U.22u e I6U Je 32 5450 D380
D.0590 Oela? u. L0 44029 U236 S.687 uedls
oeL 2t Ve210 vallu 2.820 J. 180
L “ 3.43) 0240 CLl70 2 2 3.782 ual74 Gel9h 5.UL4 0.243
4.190 0.0642 veloo 4002 Je233 1700 1 2e994 0.254 U.l74 4 2 34373 v.l2i Jeola
G421 0.273 Jolgn 2 veUUl 04250 - 3.622 Gells
a.b6l veldn velTu R [NDE) 4 3.783 Ge302
1223 4 Seabl Celbh G.l82 2 2 5.733 Je220 JetTi 3.951 Ue 30
4,421 Uee ol valTe o037 Uestid 4.110 (ado3
4ol Colad PENLYS 3 be 362 Ve84 4u393 Jesl3
. ’.5660 Ue3l3 2 4.91¢ J. 13U
D.969 U300 .U89 Ua225
126l 3 EPL V. 2He .20 2 2 re {40 Je3l3 J.45 2 Seala 0.21%
Qb Dadol el G.001 Je 32 Y030 YallY
b 347 Gal 77 lol?0 4 Ye 330 Jel 30 1813 i Sea 3l 0187 Valbl 3 4 3.474 Uai26 U.091L
e 004k Ged 32 3741 0.209
e l8n Vel Ll 3996 Q.221
velud Vel 44l 77 uad2l
13tl 2 4.501 0217 Je224 ¢ B 3ealt 253 0,35 4 4,445 0.203
Jetg Nel {4 Je LBy Setn Ualiin s 07T 0260
5,774 Jetls 4.318 Uel23
3ad" 3 el lls . lbub 0.2723
4,121 Je/%0 3 be593 U242
4312 Ueldn 14940 Ue?53
431t Vedat 0. 06U Vel
‘eond veZld TS 1 Gativa Caly) vel2u 3 Y 3etby o245 0.9561
2 yalve .22 3.702 Jel0b
1. 302 val 4l 3.034 Osdle
13,7 I re 001 V. 334 Gl 2 & Sendd Jelud Jeu9 3.81d uell?
dauly ve’?13 4. UT2 Je 3D
4.310 Jedld 3 4.462 Galls
4.7 Jedtrd 4e960 Uit
w71 Dabsl 2117 VelZH
4,423 Gelog 4 nesel delol
seudd Vel Yebt 7 Ve 14y
dedtd veluo Seuld Yalyo




SS

2 2.175% 0.278 !

6.017 0.247 1890 3
iall 3 3.460 0.327 De221 2 2 4.327 0.20% Je238
3.893 0.2178 V.19¢2 4,543 0.229
4,950 0.137 U.089 3 5.717 U179
5.864 0.154
b.026 0.224
1641 2 3.472 0.303 Ve210 4 3 3.889 0.301 u.581
5.671 0.158 0.119 4,162 U.245 1927 P
44320 Uelod -
2 4.870 Uedb0
4.937 G.094
2 ».187 G.180
D.325 0.3838
2 5.986 U.289
oel34 Cel94
1486 1 3.433 0.256 0.175 2 8 J.862 0.209 J.464
4,004 0.0(5 1 1965 1
4,103 Va122
4.239 0.151
4.425 0.220
4.702 0.334
44935 0.133
5.100 Ue209
2 5.829 0.2806
5,054 Oaléd
1521 3 3.677 0.32¢ u.227 1 & 3.872 0.365 U.489 2000 5
2.321 0.208 Ue200 3.884 0.269
2e b0 0.319 N.222 @117 0.125
4.308 Gelbb
4.600 U.328
42905 v.282 2029 2
1571 U 2 2 3.4206 0.237 v.870
3.489 D«363
10 3.925 0.293
4.134 0.265
44372 0.211
4.5963 0.170
4.728 Uelb60
4.93> 0.25%
5.239 0. 340 © 2009 3
i ' 5. 608 U.400
5.850 0.225 |
v.069 Dal60
Lewo 1 3.48> U347 De242 3 6 3.860 0.193 Jeb39
4.007 0.101
4.136 Jelbe
| 4esl2 0.197
I 4.49> O.l063 2117 6
4.700 0e242
3 >.Uls U.180
Deubd U.169
be237 Uel90
4 .44 Q.11»
3.072 v.213 2150 7
2.397 0.257
baCbD Jelub
lhaL 3 3eb4he Oecddy Ue20u 3 2 San13 uali73 Den3>
4eUb1L J.202
& 44303 Uelbt
4.40U Vela

3.446
4.934
5.291

3.458
3.870

3.449

3.443
3.892
4.091
44450
4,991
3.41v0
2.929

3.407
b.582
5.97¢

3.890
4.1117
44937
be270
5.60u
24994
3.487
3.79>
4.107
4.341
4,959
2270
2.6348

0.278
Ua239
0.195

0.287
04175

0.275

0.268
Q.1b1
U.090
0.238
0.153
0.217
04350

0.191
D.155
0.302

0.128
0.203
0.154
Uel33
0.273
0.247
0.241
0.176
V.19l
0.210
0.182
0.123
0.205

0.192
U.163
0.181

vel9u
Ueléo

Uel187

U.l84
U. 104
U.03y
Ualbs
0.112
0.224
Uelba

U174
0.114
v.209

U.073
vel9o
Ue.ils
Vs U4
Ual8s
Vel
Vel
Vel4o
uel7a
Ve2lu
Uelbd
Uall1
0. 20w

~

5.816
3.80¢
4.l94
44409
4.645
5.278
736
Y.977
Gal3
4e 360
4.336
4.894
9.102
D.944
54600
. 158
92.989
3.964
4.201
4,370
4e33>
2.094
De518
Je.074
4948
veU34
uelal
S.02l
2.812
baOU3

3.725
3.885
449393
4.052
4.241
4e499
44394
v.101
be3l4
1.728
3.4912
44009
4.268
44318
4,808
5.075
24229
3a018
3.492
4.3d7
4.334

be9h4
0. 058

U213
Qa346
0.334
U.190
U.277
0.261
O.l197
Q.84
0.2TL
Dal79
Uel?3
0.202
0.214%
0.101
0.091
0.232
U.231
Oe326
G.150
U.l88
Uell5
D.202
0.2017
0.185
0.172
0.177
0352
0.208
0.174
0.208

0.210
val10
Uel58
0.22%
Velbb
V.338
D214
UV.201
Va225
Q.186
0.183
Uel78
0.221
Je2iy
0. 300
U.235
Ueldy
U369
0.311
Q.U
Uadia

0.20%
Qala?

U564

V.40

0a.427

0.254

Jeub2

Ue451

Ve347

JeOT

Total number of sample frames, k, 55.

Total number of single bubbles, h, 135.

Total number of merging bubbles, 447.

Average instantaneous bubble population, ngy, 10.58.

Average area fraction of influence of single bubble, ¢g gy, 0.182.
Average area fraction of merging bubbles, oy ay, 0.47047

Standard deviations assoclated with op gy, .1833.

25,813 movie analyzer units equal 0.75 inch; left end reading, 3.310; right end reading, 6.123.
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TABLE II. ~ Continued, BUBELE MEASUREMENT FROM MOVIE ANALYZER
[1/16- by 3/4-in. heating strip.]

(1) Test fluld, methanol; run 63-7-8-1

Frame Single bubbles Merging bubbles Fra.meL Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area (Sites|Number| Site Site Area
center width frac- of center width frac~| center wldth frac- of center wldth frac~
tion, merg- tion, tlon, merg- tion,
[} in in
s bube *n *s bube ¥m
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
0 2 ‘ 3249 0.l ) Je081L < 3 u.004 J.263 U.280 7L 5 3.253 0.077 0,029 1 2 4.820 04155 0.084
3a73¢ Gal26¢ Ue 284 Sa320 0.380 3.358 0.083 0.029 96012 Ue229
S5.967 Vel03 4,543 Dell7 V.05
I'4 5. 170 Oe216 DedbY 0.221 0.200
>.868 Ualas 9.94b6 U.ll4 U.055%
3u / 4404 Ve val83 1 2 Ded89 Oelbd O.113 Tha 7 34255 0.067 V.019 0
S.l7e Uel2d L. 07U Setl5 Ge286 3.661 0.234 0.230
R0 > L2he 0.0171 Ua021 0 4.53% 0.207 0-180
4,097 Cal24 V06> 4.839 0.152 U.097
4815 0.079 0.026 5.006 0.073 v.020
4.984 0.0 0.034 D.453 0.172 Uel2Y
2e457 Ul 220 0.204 2.883 O.l63 U.l12
12e 2 3.264 0.09% u.03s 2 2 3a462 U.253 0.316 799 4 3.270 0.u82 v.02s [
497 Oelbl Uellu 3.100 0232 4el41 0.2517 V278
o Y. 268 0.248 4.97Y 0.205 0.l77
Ye420 0.1238 De4206 0.271 0.185
D.953 0.177 833 “ 3.238 0.058 U.0l4 4]
5.669 Uel32 3.607 0.319 0.221
b0 l63 V.124 4,093 0.u93 G.036
22904 0.1406 4.9906 0.187 0.147
Lot [ 3a257 0.081 veQ2¥ L 2 s.083 O.114 0.03% 5.957 0.0%0 Ua.00vy
4a.113 0.230 U.223 5.90% 0.143 927 k] 3.260 04113 JelUbny 3 3 34712 0.75% Jallh
4.820 0.09 Uel30 3.890 0.060 GeUln 3.708 Ualos
9.000 Ve130 J.l36 44452 0.230 Ua234 2 4.039 Ua.213
1a74> 0«176 0.130 4.036 9.¢90
D59 0.289 U199 2 5.816 0.203
19 7 3.253 Uelal PGEN u 9.929 U.127
j.018 0.207 v.l180 9ot 4 3.262 0.10>» [FP LYY [¢]
44240 0D.22> Ga213 3.702 0.064 0.017
4.57Y 0.347 Veldbl 2475 0.139 Je 081
4.992 0.106 V.04 s 2.907 Q<130 V.0748
o 0.186 L. lan 10ul 2 4,831 0.127 U.Ubo 1 2 34325 0294 .43
.89/ 0al23 V.064 Vetho 0.170 vel3u 3e947 U.d il
240 4 34311 0.093 0.036 ) 1033 4 3270 0.098 Ve 0GU [¢]
4.994 04134 u.070 4.994 O.le6s uelly
5. 664 Ue223 Ue209 be45H 0.100 V. 042
270 4 3.580 0.391 0.273 2 2 3.244 0.087 U.0T73 2.903 0.170 Lel2s
44982 De21d 0.20U 3,303 UsL1l3 1063 2 3277 0.090 0.034 2 2 3.809 0.234 Ja. 343
24341 0.070 0.021 2 .06l O.111 vetho O.u70 G024 4.4 1 0291
ERL ] 0.066 U.018 5.002 De192 . Z Dal373 Uel00




s

325

365

443

489

219

S04

ol

3.261
4alle
2.001
2.455
2.8%0
34300
5.20¢
2.860

3.244
b.210
v.791
34269
3.037
4alle
44799
4850
5.934
34269
4.837

3.263
4.d42
4.988
54297
2.572
5.45 7
3.2064
3.96%
3.448
2.594%
34290
3.607
4e311
>.007
PTE-EY
2e4138
3210
4.405
“4arhM
4.85%4¢
1.U28
2elb2

O.lby
0.07>
0. 142
0.149
G.173
G.093
Uel28
0.162

0.070
0.163
Ue342
O.116
0.384
0.239
0.u97
0.139
Oell7
0.l07
0.143

0.032
Oat94
V.73
Gettl4s
0.090
0.117
0.102
O.140
Ve0T72
D.in3
Ual>/
O.L74
Ve U9 f
Ja.076
0.085
U.103
0.177
0a073
O.U94
U.1l3y
VP R-1
Couis

BaU92
Ueu24
Ja. U8
Veu93
vel20
u.030
Le 067
u.llo

v.u21i
U.l112
U.234d
G.057
J.268
Uel40
0.04u
0.081
Ve054y
V.04t
vauBo

U030
Ualba
0.022
0.299
G.u3
0.098
UeU44
0.083
De024
0.099
v.u97
vel2?
Uedbu
v.024
G.030
U.045
Jel3s
vello
V.037
v.Ud1
welOu
Le0Z4

4odlv
s.0l8
v.310
De2b4
2.097

S.0949
v.783
3.761

3610
3a199
2e 182
3.90u
2. 494
4,306
4.2¢1

ved0Y9
aJ00

1a 821

T aLbbd

velog
Ued a2
Jedn?
[V
Sattod

Jelul
Jeluel
Culnt

Jeldo
NRVEN]
Gelll
veldu
Jella
Ved2
Oeldv

v.lut

Jed87

Jeld
veldl

ved3d

Vel bo

LU

PR

s 15¢

veulu

Jeub s

o

tlay

tlau

123

lall

1461,

~

3430
seudi
4alUs

3. 76c
4ol
Jedlw

4okl

Yol
EPNTR 2N
boch)
4.nl,
Gonll
Decb
JeU4
ERY4-F]
PRVl
e dll
2.23
4040
badte

S0 3,
ETREYS

“.b|
Salln

Jatb.
bal9,
5.131

Ualbl
Vells
U.lse

O.114
(e d24
Golls

Uad 39

C.l86
Usloo
Q.cal
Ca324
Calu3
Ua.l24
Jadhd
Calol
[S Y ]
Ua Lty
Qev6f

«J43
Gedb?

Jedlts
0240

O.lbg
velfez

O.120
PTER)
Dal3a

U090
Ueldo
JeUBY

U.UD%
VelZll
Ua054

Jalbu

UeddolL
Va2
Ya 0Ty

~

~

5.6617
4.827
44980
EPRA DS
Haed87
3.243
34329
4.830
44959
14323
3el60
3.362
3.719
3.304
3. 1349
4003

4580
4.849
4.8
.03
3.7L1
3. 82
. 3d3
3a3U0
el
Semly
So 711
340432
3.74
3. 347
fe43U
qadil
2.207

0.375
Uslo3
G.lo6b
0.0%0
0.102
G.us3
Je 0084
Vellu
Je282
Jethb
Da121
Velel
Gala?
Ueldud
Ueldd
Je 240

Uesud
velin
Oales
vedul
J. 211
Ualfa
Jello
Jar b9
Jeloy
wedud
Jecud
vedlh
veusnd
Jel2l
Ualee
walfis
Jedtv

U070

Jed6l

Ja19J

setol

telb,

ee b1

because of obscuration of film).

83,194 movie analyzer units equal 0.75 inch; left end reading,

3.180; right end reading, 6.374 (average right 1limit, 5.984; reduced area of strip evaluated
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TABLE II. - Continued.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip.]

(1) Concluded.

Teat fluid, methanol; run 63-7-8-1

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area ([Sites|Number| Site Site Area Sites | Bubble Bubble Area |(Sites|Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
[ ing ) in
8 bub- m 8 bub§ ¥n
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
1446 2 4.27u | 0.245 U255 1 3 3.207 0.037 | U.0lo 2 3.576 ' 0.205
PR U.u9l U.63s 3,265 u.078 3.589 0e231
3.349 0.090 4 3.875 0.198
1521 5 3.259 0.108 U.049 5} 3.868 0.204
4.08% 0.148 0. 149 4.060 0.180
4.480 0./11 u.18¢ 4,044 0140
4,99y 0.12% 0.066 2192 | 3 4.502 0.150 0.09Y 3 2 3,203 0.070 0.267
5.302 . 0.213 U.191 5.299 0.431 U.302 ’ 3.2517 0.083
1571 4 30954 0.318 U. 220 2 2 3.25% U.074 0.087 54916 0.i10 G.051 2 3.755 0.264
4ol Ued?5 U.213 3.304 0.097 3.749 0.275
4520 n.lo8 6.119 2 bel5l 0.175 2 4724 0.222
4.79, 0.117 U.058 D895 0.192 4877 0.216
1600 4 3e000 U.106 VL0417 3 2 3,245 0.082 0.333 | 2237 3 3225 0.100 0.042 1 3 54213 Uel44 U.uT4
4.511 0.229 Ue221 3.328 0.085 3.743 0.097 U. 040 24299 0.183
4.990 0.136 L.078 2 3.896 0.318 4814 0.077 0.025 5.328 0.125
20270 0.240 0242 4,157 0.309 2274 3 3,237 0.109 U050 2 2 3.621 Vel86 Ga220
R 5.647 0.270 4.d17 0.091 G.03> 3.763 0.190
. 5.792 0.152 b.954 0.058 0.014 2 4.060 V.217
5.902 0.195 . 4.319 U326
1640 " 34252 0.076 0.0284 2 2 4,793 0.214 0.132 43L7 4 3.217 0.U68 U.019 0
3 361 0.084 U. 030 4.963 V.235 3.700 U.116 0.05¢
Jeu iy 0.142 u.085 2 D.857 V.138 4.8l 0.107 U.044
4,460 0.183 0.141 5.952 0.07> 2-3883 0.153 0.099
D990 0.189 J.15u 2341 3 3.b4b 0.234 Ua230 2 2 3.200 0e135 Gat84
L6490 3 se041 C.330 Ue22) 2 2 3.243 U.086 S.391 4.504 0.190 V.152 3349 0.256
Sel44 0.10U V.042 3.304 0.087 5.H894 0.175 0.129 5 44974 Oe31¢
3964 Ueu43 u.u0s B 4.4638 0el97 54324 U.388
4. 986 Ual37 94420 0.313
5220 U.36h 5.626 ge217
b.291 U.138 5.690 V.lbb
52964 et ll 2397 o 3.230 0.11% 0.060 v
1733 5 34704 0.131 V. 0Te 3 2 3.265 O.116 0.1b7 3.603 0.120 0.061
4 48y 0.145 veuB) 3.308 0.127 4a530 0.169 0.120
4.993 0.UB6 U.031 2 3.8%0 0153 4.980 0.173 V.l20
J.544 0.1190 veusl 5.882 U137 2.094 0155 0.10t
5.967 0.060 J.0ly 2 24393 Uelat 2.938 0.101 U.043
54530 0.229 2437 5 3.237 0.107 VeU4Y 1 2 54494 U.lél 2.036
17606 4 3.072 D151 0.096 1 2 3.215 0.074 U2y 4.6y tlelod 0.113 5.601 0.112
“wedll 0107 Ja04d 34309 Vel15 4eb21 0.217 V.19y
44373 O.lo4 PR EN 4.971 0.151 0.090
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gl

Lo

89y

137

196

2004

2021

200,

21H4

21,2

dedd
3.2064
Jebbu
beab3
2.92
4.121
“en 30
Dalb.

3.301
Se024
4.2
4.0U2
LEL-PE
.23
2.950
D904
4.981
5,231
EPELD)
.93
40271
2.UC0

3247
44787
2487y
3211
34001
4982
2.%84
Dl 80d
3212
30428
3.l20
3.036

. B
4,999
4.83)

Velots
v.13l
1,241
C.202
Gal3s
Uel4YH
U.241
oLl

0.300
Caldy
0219
Veldnd
Ual3l
C.ldy
0.234
0.067
val2e
0.230
Ueldb
G.llo
Uelld
0.108

0.103
Ualu2
U.213
0.102
U.329
0.18%
0.235
Uel3
UCYs
0.108
Vel22
V.321
04307
Jeléd
0. l9y

velikd
[V
UL 2ol
Lelle
vl
Ja25,
Uelbu
Col3:

G201
Va6
vel9o
J. 060
L. 07
Uaslbs
el3
Uaulw
Jelod
U223
Velbu
V.05 3
Le220
U. 049

U.04Y
U.u9?
u.191
ve 044
Vo223
Jelbs
0.232
u.0B8U
Ve03n
Ue049
UeUb
0.22¢
velle
Ja.U84a
ulled

n~

~

2

4an82
4343
2eJl0

3.234
30339
3at3)
3.7%6
beldh
>. /40

3.2480
3. 890

3.227
3e 360
D.612
e 137
2. 88U
3eu90
3.d0L2

3.23U
34312

Jed b
Gelan
Ue/l9

Jelan
v.l37
Val13
Jelod
Veual
U.uo?

Del2u
U.lid

u.lls
Ualby
Qsl02
Vel 32
V.208
Uec T4
0.289

Ualdo
UVec4d

1el9y

Jel3¢

Uelb s

J.224

Uelbs

Je34H

<413

¢516

2551

ehuh

r4-743

26173

2705

790

.30
395y
4,830
He467
2e920
44311
44982
5.342

4.311
4a024

3.31¢
4,38
2451
24857
3.277
3.0607
4.621
J.564
D854
3.738
JeT4>
4ab31
2.60v
5923
4etl>
3,000
De253
b.6l0
3423y
3.14>
2210
3.690
3.221
2.940

0.204
0.342
0.102
0.263
0.121
0242
0.13>
Q.ud4

0.140
Jel3o

U.244
Velbs
0.224
O. 180
0.204
0.278
Oel34
O.l84
0.221
0.121
U.3lu
0.137
0.140
0.139
0.128
04138
C.237
O.l44
0112
0.088
Oe193
U.088
Ueudo
0.10%

Uel?y
Uaz30
[V
Ver9l
ve06¢
Ve 247
v.u7il
D.030

U.083
0.077

0.251
4099
ue2ll
Ualé®
Gel73
U. 190
0.070
Ueléd
Ve 2006
U. 062
U220
0,077
v.083
D.081
V. 069
Q. 08V
v.2306
0.087
U.053
V.03
U.151¢
UeU33
Ueu3d
Uel40

3.260
3.318

3.218
34293
3.876
4,033
.305
9430
24504
3.245
3.338
3.998
4.026
44084
2.854
D.v28
3.991
44130

3.8l
3.789
4.080
442595
4.630
4abUb
24855
2.0
3.596
de733
3.860

U100
v.lo8

Je 267
Ua0H7
V. lo?
Uelao
Ue252
Gel3d
U.236
U.086
Jel89
Ja U84
v.u74
0.710
U230
Uelul
Jel2e
Uelbs

0.189
U240
0.121
0.212
Uel73
Uel3s
O.l4i
ulill
Ualb3
Uel21
Vel

J.023

0.207

0.102

[SVEY )

Jel91

veule

Uelod

Total number of sample frames, k, 70.

Total number of single bubbles, h, 263.

Total number of merging bubbles, 196.

Average instantaneous bubble population, ngy, 6.56.

Average area fraction of influence of single bubble, Ps,avs 0.109.
9.

Average area fraction of merging bubbles, ¢nq av,
Standard deviation associated with Pm,avs 0.1173.

83,194 movie analyzer units equal 0.75 inchj left end reading, 3,180; right end

because of obscuration of film}.

reading, 6.374 (average right 1limit, 5.984; reduced area of strip evaluated
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TABLE II. - Continued.

BUBELE MEASUREMENT FROM MOVIE AMALYZER
[1/16- by 3/4-in. heating strip.]

(m) Test fluld, methanol; run 63-7-8-4

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area (Sites |Number| Site Site Area Sites | Bubble Bubble Area |Sites|Number| Site Site Area
center width frac- of |center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tlon,
P ing ? 9 ing 9,
3 bub~ " s bub- m
(a) (a) bles (a) (2) (a) (a) bles (a) (a}
0 4 34231 0.207 0.173] 2 2 3.710 0.120 U.212 1 b.760 U377
3.459 Ve lbd U. 080 3.833 0.207 601 1 5416 D174 Vel20] &4 2 3.150 0.082 Nelb9y
4.091 0.163 Uelto 3 3. 380 0.199 i 3.263 Uolbs
4,771 0.054 U.0le} 5.959 0.186 2 3.6k1 0.126
5. 786 0.209 . 3.743 0.138
30 1 4.720 0.3513 V.24 3 2 3.245 V.128 De4le 2 4.809 0.167
! | 3.450 0.283 4,951 0.158
2 4057 Ge209 L2 T bebed Velbh
4.253 V.309 . 5.761 0.326
' 5 1 o5.387 v.170 653 0 4 ' 2 3.225 Oal45 0.403
se5LT uvelbl 3.391 0.186
5.662 Uol4s 2 3.929 0.261
5. 78> Lel9l 4.142 0.329
5.818. V.24l 2 4.595 0.229
) 1 34221 Oul42 [V 4 3 3.538 U.230 U.60> 44770 U.184
3.071 U242 2 5.611 0.139
3.859 0.263 5.804 U.266
3 “4a422 0.007 665 v 3 3 3.210 0.129 .03’
4.000 V.30 : 3.2178 0177
4.872 0e255 3.453 0.172
2 S.4l2 0369 2 3.694 0.170
EFEE-Y] 0.271 3.814 0.237
-2 PRSTETY Q.3 6 44994 0.302
2.872 u.101 4.781 0205
10 2 3e70a 0.184 v.l4l 3 2 J.219 Ual34 Je30u 4.982 V. 380
4.604 0.171L 0.12¢ 3.604 Ue237 . 5.324 04305
3 4,715 0.068 ) 3.603 Ue253
4.4925 Qa8 De843 Uedl0
5.18% 0.243 719 3 3.208 0.2u7 0.178, 3 4 3.418 G.118 o440
3 Y053 0.147 4.297 0.066 v.013 3.577 0.206l
9.771 V.186 4,784 0.07%2 .03 3.819 0.223
5.003 U.149 4,078 0.294
lew 3 4 074 U.lY4 U.isn 2 2 3olbd 0,191 0.32) 2 4.8l 0.217
4,144 Colb4 v.092 30387 Gal99 belal 0.180
s.J04 0.131 v.071 ) 5.312 0.313 2 9-560 0. 282
2e251 V152 5.819 V236
De492 04209 Ive o 3 4 3.213 Uei20 Ja3T
‘ b.034 U.203 3.2517 U133
D.d3y Us2U0 3.376 D.10%
195 2 3. t40 Uel5a 509 4 2 selby Jells Ve4ll 3.497 Uels?
4,067 e 30 ve22u 3.271 0.130 3 4.814 V.2517
2 4.429 o315 4.974 0.188
4.639 V.lL3 2.099 0.312
2 4.93L Ua292 2 9.610 0.247
s.l8s De2le ERCTY] U.222
3 5,472 U.21% 743 1 3.711 0.133 V.074 4 3 3.149 U.090 Oauld
5.65¢2 0.219 3.257 O.164
2.657 U190 $.434 0.212
240 “ 3.9 Uelon Vells 2 4 34213 Velo2 0.254 3 4. 008 0.224
4.420 0.192 u.ls 3.303 VU-193 4.214 0.22>
4u9b0 .22l .20 3.478 Gelvn 4.440 U.233
.02 L] welld Seuls U.137 2 4.854 04130
5 50022 De2lh 44990 Gelny
bah6U Jells ! 3 24950 Jetlu
B.6Te V.11l ) D629 Uelul
5.779 0.149 H 94859 U.l 14
5379 0el55 833 / 3.260 0423y ve22¢ 4 2 s.714 Uell7 dedhs
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rag

325

3&n

400

443

459

514

S64

3o 14y
D.540

4.025

3. 0690
4.001
4eh40
4. 30K

4.829

3.202
3.441
4.784
2.833

3.194
3.594
44290
4,170

4.000

O.184
0.250

0.232

0.1BO
0.207
0.303
0.293

0.137

0.l46
0.157
0.108
0.202

0.174
0.147
0.261
0.035

0.179

velal’
U.26V

J.224

Del3y
UelTa
J.201
V.20V

U.078

Uela4
0.10¢
U.048
Uel70

v.126
U.U90
V.283
u.034

veli3ds

3

<

2

2

Jelbl
3.385
4.210
4.495
4.1021
h.834
5. 894
3.479
3.289
3.494
3.058
3.693
4,404
44719
4.928
3.535
m.l6l
3.174
3.260
3e.all
5.651
2.826
j.181
IR
3.385
3.bH1
4.040
4170
44313
4.465
2.024
9.048
S.442
2.638
Deusl
4,055
4.251
De4l3
be551
5.991
9.h44
5.664%
5.860

3.145
3.25>
3.65b
j.8l6
4.0217
4,284
4.615
4.748
54351
5.628
5844
3.210
3.35U
3.457
3.603
4.641
4.930
2.409

Vel
Gelds
(e 393
Uelot
U.2nd
Ue2lh
U.122
0.173
0225
0.184
Oal45
J.1l7
Ue3vo
v.l21
Jelt
UelJl
Vs 3oy
Uello
Jelb0
Uelsbh
0.12%
0.226
J.129
0.152
Vel 32
0.229
DelB84
Vel02
0.122
0.307
Uelb6b
Jelol
Uetly
0.212
0.1906
0.244
O«lol
O.140
0.136
0.210
0.232
0.208
0e1853

J.103
Uells
Oelb2
0.221
Ve212
0.242
0.420
O.148
0275
0e267
Uel6%
U.l81l
Ual6?
0.147
Oelad
U.230
0.342
04337

Ua350

0.526

el33

UebbD

D174

Gel3o

0.574

U.498

8u3 2
a7 4
9,8 0
1001 3
1033 2
1063 4
1095 0

Jatbns

3.220
4.800

5199
3.4649
4,809
2378

3.224
4.067
4.754

3.217
+s358

3.46Y
4.26¢2
4,781
Y241

0.097

016>
0.uB0

Cel99
0.079
0.074
0.318

0.L99
D206
0.096

0.120
0.157
0.076
O.1l64

0.039

0.113
0.027

0.16Y9
0.020
U.023
Ue2ly

Jel65
O.bk70
U.03s8

Jelbs
0.243

0.060
0.102
0.024
O0.112

N

[y

2

4

3e b6
44275
44482
4.822
S. 007
b.515
Y.684
5.829
3.427
3.020
3.893
5.515
S.68¢2
9.857
3.733
.90
2.673
. 840
3.218
3.379
3eu52
3.712
3.851
4.U53
4.237
4.689
4.750
5.097
S.444
5.791
3eb44
3.565
3.967
3.715
5.015
5.181
5.998
5.831
3.680
3.819
4174
4,806
5.U%8
34235
5.025
EXY Y
34197
3.230
3.721
3.749
.0615
beB43
3.222
34427
3.523
3.022
3.761
3.b674
4.128
4.725
4,362
Be260

0.133
U.215
U.25%
0.129
Oalb4%
U.130
Uelay
0e252
Uel37
Ual4d
Ue294
D.l14d1
V.l53
U.l96
U154
Jel96
0.174
V.228
0.187
Ual35
0.210
Ga L L0
0.169
De3le
U295
0.276
Ua23?
U.t56
Va.363
Ua 331
Uelbs
V.87
N.187
0.212
0.232
Uelos
U.231
U.235
0.122
Oelb?
v.071
v.0178
0.190
O.bba
Vel190
Jel9l
veld?
0.2%3
U.191
O.16u
Ve200
Velve
0.231
0.173
Ua.136
0.128
Oelb?
Oeldld
Ue324
v.126
V309
O.tL7

0.274

G142

D837

U.323

Je 221

o 0.278

04559

23,204 movie analyzer units equal 0.75 inch; left end reading, 3.114; right end reading, 6.317 (average right 1imit, 5.945; reduced area of strip evaluated

because of obscuration of f£ilm).
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TABLE II,

- Continued.

(m) Concluded.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

{1/16- by 3/4-in. heating strip.]
Test fluid, methanol; run 63-7-8-4

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |[Sites |Number| Site Site Area Sites | Bubble Bubble Area |Sltes|Number| Site Site Area
center width frac- of center width frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
@ ing P P ing P,
s bub~- n 8 bub-~ m
{a) (a) bles | (a) (a) (a) ples | (a) (a)
SebhY 0.273 3.693 0.163
5.057 0.130 3,788 Uelb?
5.833 0.222 3.829 U.188
tL40 P4 3.848 0.135 U.076 4 2 3.220 0.180 .51y 4.028 0.210
5428 0.083 0.029 3.244% 0.098 4.136 U210
3 3.474 0.202 4a336 0190
3.604 O.l4l 7 4,580 u.la42
3.627 0e213 4,608 O.Ll%
4 4.703 U.300 4.741 0.151
4.937 U.l68 4.907 Uetle
5.040 0.237 5.602 V.77
54139 Geli3Y 4.815 02438
3 5. 740 0.169 H.865 0.148
5.874 0.188 1766 / 3.869 0.335 u.230 2 4 3.160 0.390 0.35¢2
' 5.813 0.310 4.416 0.282 U.192 3289 0.168
1150 1 4.052 0.2006 u.lTo 3 6 3.1l4 Go.u81 0.352 32440 Ua134
3.28> U.140 3.503 0.103
3.413 0.116 5 54090 0.209
3.450 0.186 54251 0.290
3.556 0.171 5.534 0.276
3.672 Ue2h9 v.730 0.128
3 4.655 0.254 b.882 Uelob
4,656 v.182 1813 L 3.238 C.to3 0,110 ) 2 3,448 0.1%0 .50/
4.818 UeGlI 3.637 0.228
2 2.0666 J.168 3 3.920 .237
seB4Y 0.198 4.198 U.319
1223 L 4,797 0.091 v.034 3 2 3.188 Del22 Ua922 4,385 0.297
3.245 04140 2 4810 04123
6 3.496 U.216 4,951 0.226
3.681 0.154 2 5.109 0,011
3.694 v.127 5,278 Galbs
! 3.u48 0.180 3 b.587 Jelv
! 3.98% 0.100 9. 139 0.170
4.196 Ue4ly v.848 0.122
3 5.479 U.391L 1858 5 4,805 0.057 0.014 2 1 03 3,202 0.117 0.107
2.754 0.245 4,940 0.068 u.0LY . 3.292 O.143
5.578 0.1%9 3.071 0.u73 V.02¢ 3.463 0alh9
L1261 J 4 2 3. 184 0.l22 0.264 Se045 0.19> U.158 2 3.71% Ual2y
3.248 O.i5l b8BT O.l6% vall?d 3.843 U.130
2 3.6417 0.136 1890 5 3.245 0.090 0.034 2 3 4,713 L.078 il
PRT Y Val4s 3.951 0.295 V.201 4.£28 Uelu3
5 4,012 ual32 3.81¢ 0al49 u.092 - 54000 Je 191
4207 V.377 4,193 0.39% (.24 3 54595 0.187
4,280 0.159 b.247 0.212 Gal87 9.768 U238
! 4,481 0.230 9e932 T
4,720 Ua249 192¢ 4 3 170 0.1%s 0,104 ¢ 2 " a.8le Vel 0,264
3 S.488 0.328 3.550 0.137 L. 08U T J.270
' 5.703 U274 3.054 0.110 0.05u 5 5.271 9.190
3892 04134 4,06/ 0.23> U.23u 5.469 Ua2Un
1311 4 .20t 0a15% U.l10% 2 I 3.740 0.105 TP 24 2.657 0.l71
3.482 0.090 U.03% .92 0.119 J.841 u. 197
4.53¢ 0.227 d.2l4 4 se k23 Uel79 34921 [
4794 G.08L U027 DetU1 DelDY 1965 1 4.451 0.143 u.08% 4 3 .13 [URKE ¥4 Le450
5755 Ual74 3.233 0.146
\ e 400 O.lle 3.421 Uerlt2
1359 L 3e0le G.07d V.025 3 2 3.242 Velbd Cedul ) 3.689 Uel3s
| 3.429 Ue220 3.800 U.lt




€9

141l

laal

1480

1521

1571

1602

le4u

169y

(733

¢

32645
4.b30
D380
se867

3.261
3.477
4,572
4,790

4,304
4.728

34252
3.52v0
D.84Y

3.244
$.123
4.050
4.792
Je3Y99
3e250
3.825

senl0
4aUle

Gela3
Oe 349
Ue307
0.1l80

0.117
0.145
L.070
U.u74

Ue.l44
Oe by

Oalétb
Qal4
D.238

O.1417
0.144
0.139
0.073
Qalb2
0.149
O.UbH

O.083
Ue260

Ve84
Velbu
u.210
Ualés

u.057
u.08/
u.029
LeU2S

v.U8u

Ja2448.

v.091
0.092
0.23%

U. 090
N.080
J.080
va022
0109
J.092
v.uly

Ua029
0.281

A~

4.814
4a96>
e bbb
V.o83
1,873
Jeall
3.H94
3.719
3.809
3.9067
4. 780
4.825
44429
3,057
3.d81
4.040
5.85Y
D.88Y
3.271
3.4173
3.4606
5e513
9620
2.738
Setdhe
3.730
3. 834
4051
4. 798
Je490
.56l
nanla
Se062
2.837

4.65"
4.4822
2.511
5.076
2.881
3.220
3.402
3e041
462l
4.80%
De34Y
2729
2.88¢
3.201
Ja4lu
4.251
4.378
4.422
4.0b4
4.794
v.503
2.732
S.861
32243
Ja40d
3.0

Oulol
V.322
0e220
0.255
u.l70
O.147
Ue09d
(U X}
Oelal
Uelél
Uel0b
Ual22
d.118
Uelby
0.J490
0.229
0.200
Cel 39
0.18>
Ua338
Yol76
Le 39D
Ue242
Uelo8
Uedl3
Ue203
Ve410
v.l74
vali?
Vellt
Je 148
U.160
U237
0.187

0.230
0.10%
Jelb64
U.258
Velo3
Uelbo
0.273
Ve234
Ve 24D
Gel b
De214
V.lbd
Uel4s
U.216
0.202
Ual20
0e12d
Ve2lb
Ualb3
Ve2l4
J.226
V232
veld9
Uel3>
Ueldd
N.149

Jelbl

Uabbs

U.261

Jv.l2l

U.l8n

V377

Jele2s

[

<0uu

2069

2i17

2142

214¢

2

4. 191
4.515

3.2644
4albU
4,430
2.013
398

3.092
4.445

3.234
34117

5.213

4.248
4.782

0e289
U.082

0.14y
0.153
0.231
0.104
0.222

U.213
G.391

Q.13
PRYLT]

0.192

O.151
Ded i

v b9/
Ue02n

V.Ul
Je U/
v.22¢2
U.04>
0.20>

U. 189
u.27l

JaUTy
v.250

Ual53

V.09
4e02%

3

~

3.0l
4a0U4
441060
4h.812
ERSVE Vi
bYe222
beoTo
e l44
2873
34210
3,273
Se634
3.5481
selbl
3e907
4.411
J.053
54659
».810
2909
32980
3.716
4.7lo
4,806
5.653
9. 8049
3.182
3.213
4.888
H.082
3241
Sa4ll
5991
9. 179
EPEFLS
Y.U86
4. 083
De255
ER-
D483
Yol
h.867
3.182
30269
3o 724
Jatho
4.0/
wallb
4a0673
4e 7499
2.50U
D07
PRE-1°8]
3.1
3edbh
3806,
3ev70
7.06348
2.791
JeblL
V.37

Jaddd
vell?
Jeli
Uelly
Ue’Z03
vell
vel2d
belll
velio
velol
Val te
Uel 30
Jelun
Veldn
veldo
Jeudd9
Va3
Uelod
Ualnd
vell?
Jeluo
Jaloé
u.133
Jett
Jel v
Qe2817
JalbH
Uelby
V.228
el
0e109
U.181
0179
Jel 3l
Jal93
Jel 34
JelDd
Cel il
UelOl
Jdalvd
uells
Uel72
Jelld
Vel fn
Valido
Us LR
Delidn
UaeldIY
u.llo
Delr2
Jeloo
Ualds
REREA]
Je 120
0.139
Jel43
Uelo8
V.29
0.090
U.1lU4
J. 003

Jedb s

Jel9s

v.271

JelU s

e 3By

Lelin

Total number of sample frames, k, 56.

Total number of single bubbles, h, 119,

Total number of merging bubbles, 472.

Average instantaneous bubble population, ngy, 10.55.
Average area fraction of influence of bubble, o
Average area fraction of merging
Standard deviation associated with Pm,avs 0-1671.

s,avs 0.121.
bubbles, onp, ay, 2

23,204 movie analyzer units equal 0,75 inch; left end reading, 3.1143 right

because of obscuration of film).

end reading, 6.317

(average right 1limit, 5.945; reduced area of strip evaluated
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TABLE II. - Continued. BUBBLE MEASUREMENT FROM MOVIE ANALYZER \
[1/16- by 3/4-in. heating strip.]
(n) Test fluid, methanol; run 63-7-8-5
Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area (Sites|Number| Site Site Area
center width frac- of center width frac-| center width frac- of center wldth frac-
tion, merg- tion, tion, merg- tion,
in, ? ing ?
g g m 8 bub- n
(a) (a) bles | (a) (a) (a) (a) bles (a) (a)
30 2 3.480 0.188 [T 2 2 3.151 0.084 0.120 . 3.361 0.282
4.630 0.265 0.287 3.225 0.140 3.0629 04254
4 3445 0.135 3.843 Uel74
9.581 Uel3? | 4.039 0.218
, Y. 705 UalTe ‘ ] 4066 0.279
5.868 U.i51 4.917 0.225
40 4 3.229 0.139 0.079 2 3 44139 0.111 0.192 4.997 Ue259
30464 0.191 U.149 4.256 0123 2.193 0239
3.714 0.200 0.163 4.467 0.299 he245 0.236
gel65 0.170 v.l18 4 L 5.526 UVeli? 5.492 0259
4650 0.128 2 5.826 Ga2TL
3.773 0.118 5.830 Oul6l3
9.868 0.113 564 2 3.47y 0.136 0.076 4 2 3.156 0,097 Ca2064
120 0 3 ) 3.138 0.070 0.417 3.710 0.190 U147 3.208 Uel1l9
3.252 0.158 2 3.944 Uetin
3.457 0.252 4,154 0.24%
34690 VellY 2 4.304 Ue231
34954 0.312 4.703 0.204
3 4.288 0.0d4 3 2. 708 [P ET)
4,622 0.185 bedl9 Uel23
4.573 0.1lle %909 0.104 -
3 9522 0.267 601 3 3.219 0.134 G.073 2 2 3.840 Je254 0.334
30739 0.167 3,463 0.202 u.172 4,056 0.i79
5.899 Uelb2 4570 0.09y V.03 6 4.948 velll
L60 L 3.221 0.1206 V.06> 3 2 3.470 Ualn2 0.291 sel%6 0.20%
3.519 velb3 54320 J.172
2 4,160 Delan ba4T9 U.la7
44935 0.203 5. b3k vel7l
3 5.440 0.333 bel828 0.260
>.724 U.235 653 3 4.480 0.161 0.100 2 3 34150 0.095 J.465
24908 0.132 4,700 Ueln7 0.10t 3.224 0.1173
195 2 3.469 0.199 0.15) 2 2 3.1506 UelY2 .20l 4.928 0,223 G.203 3,435 Ual64Yy
4,054 0.348 v.237 3.233 0.148 .14 0.373
6 v.216 U.218 ERTY D137
5.431 0.213 4.109 U.234
5.567 Uelél 4 9380 0.194
9704 Gal32 2500 U.l68
b.812 u.130 2.657 0.135
94301 U.lal 5.849 0.243 .
240 ¢ 4.05) 0.186 U.l41 3 2 3.163 U.080 G.030 68" 3 3.114 0.177 U.l2u 2 3 3.190 Uel39 0.220
4.638 0.21> ¢.189 3.237 Velo2 4390 .151 0.093 3.285 0.2206
3 3.497 Ga245 24230 0.077 0.02% 3. 445 Uelyy
3.087 0220 . 4 2.433 0.148
3,781 Usdol 540600 0.228
3 4.947 0.273 s. 179 U.130
5.221 0.215 2. 104 V. lé4o




G9

«L15 715 3.189 0.154 0.102 2 4.418 V370 Cel90
04294 3.435 0.217 0. 192 4.650 Qa3
U125 4.080 0.200 Valbs 5.507 O.134
Ue3u3 4.962 O0.074 U.022 J2.638 Uel29
2y 1 4,959 0.075 0.023 ) 4 Jalu8 UevlC ve2l4a 0.179 Uel3l Yelol veldd
Dalabd n.4879 D.142
C.234 754 3.841 0.191 Ualby 2 S.1a1 Le 89 Ja222
V.27 4.01% 0.07> V.U23 3.232 Vel64
3 O.lo2 4.394 v.287 vel9s 3.492 v.2706
0.394 4.98Y 0.174 Uel2a h.oll J.240
Ual86 24877 Uelldy
4 V.196 hedle U.134
0.2641 2.928 Ue094
0.4 199 3.173 0.1l44" 0.08> 2 3.714 Uel89 Ue 32U
04120 3.4206 0.194 V.154 3998 O.L98
325 2 3.183 0.110 Ga04 1 4 Oal75 0.l1> 4.338 0.104 D044 44124 v.2061
3.450 0.204 UelTu Ual8> 4.049 0.058 U.014 4.139 0.157
3.698 0.220 Uel98 Veld2 4.960 0.183 0.137 ER-L O.197
4.510 0.265 0.287 vel22 v 707 0.201
4.97> 0.288 0e194 2.880 Vel4b
365 4 3.189 0.102 V.42 e 4 0.175 0.278 833 3.670 0.231 0.214 3 3.220 Ual57 Uen23
44933 0.286 Uel193 Ve230 3.378 O.1l>0
4.992 0.153 0.09%0 V230 4.410 Ua318
2.211 0.226 Ve209 U.208 baobT Uel40U
3 Ualbt 4.889 0.273
0.109 3.234 0.417
Vel2l 5.632 0.203
4UG 3 3.508 0.284 0.191 2 2 0.079 0.173 5.843 0.218
4.117 0.24Y 0.24> 0145 3.890 0.124
4,996 0.176 V.126 5 0el9l 883 3.478 0.110 0.049 2 3.167 0.121 0.274
Uelad 3,748 0.137 G.077 3.242 U184
0.187 4.02¢ 0.161 U100 Y.254 V.210
Uel®6 4.292 0.234 0.224 2.475 0.233
‘ 0.173 4.650 0.161 U. 106 5.610 0.254
443 3 4.311 0.299 U«202 4 3 Va065 0a.442 4.942 0.099 0.040 De751 0.202
4.641 0.165 0.111 0.216 5.911 Uelig
54385 0.161 U.106 0.223 927 4,694 0.118 U.057 3 3. 156 0.086 Je 340
2 0.244 3.221 Gel26
0.313 3.4068 Ve259
2 0.130 3.763 04331
04290 4.03} 0.205
b 0.119 54470 Oel4s
0.139 3.607 0.130
0.135 2. lal 0150
0.153 %. 8060 0.203
0.080 EEY] 3.391 0.105 U.l4> 2 3.113 0.065 042549
489 3 3.191 O.l45 u.080 2 2 0.240 0.173 3.803 0e330 0.229 3.188 Ualle
3.461 0.249 0.253 0.213 2.130 Ue229
be.5617 0.161 0.100 2 2.757 0.127 2.396 0.1303
5.894 Uelébt 5.648 U.232
519 Q 3 5 3.182 0.156 0.73> 5.867 0.207

23,232 movie

analyzer units equal 0.75 inchj; left end reading, 3.098; right end reading, 6.330 (average right limit, 5.955; reduced area of strip evaluated
because of obscuration of £1iim).
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TABLE

II. - Concluded.

(n) Conecluded.

BUBBLE MEASUREMENT FROM MOVIE ANALYZER

[1/16- by 3/4-in. heating strip. )

Test fluld, methanol; run 63-7-8-5

Frame Single bubbles Merging bubbles Frame Single bubbles Merging bubbles
Sites | Bubble Bubble Area |Sites|Number| Site Site Area Sites | Bubble Bubble Area (Sites|Number| Site Site Area
center width frac- of center wildth frac- center width frac- of center width frac-
tion, merg- tion, tion, merg- tion,
P ing in,
8 bub- *m ¥s bube ¥n
(a) (a) bles (a) (a) (a) (a) bles (a) (a)
1001 2 34455 0.161 0.106 3 2 3.127 0.046 0.277 4.956 U.233
5.377 0.180 0.132 3.190 v.126 2 5.781 0.146
3 4.674 0.333 24902 0.097
4.833 0.189 1486 2 3.467 0.122 0.061 4 2 3,176 UeL96 0.539
4.954 0.227 ' 4.216 0.260 0.276 3.227 0.185
2 5.703 D155 2 3.738 D.214
be847 0.206 5.877 0.203
1033 3 3.448 0.220 0.198 2 2 3.157 O.11% 0.208 3 4.607 0.23%
3.932 0.209 0.178 3.226 0.148 42715 0e177
4.981 0.157 0.101 3 5.359 0.212 4.894 1.327
5.63> 0.341 5.010 Jela9
5.877 0.143 L 5.162 Ue256
1063 2 3.230 0.170 0.118 2 2 3.522 0.19% 0.261 5e411 0.243
. 4.984 0.081 0.027 3.729 0.331 3 b.674 U180
4 5.436 0.159 5.791 U.130
5.631 04231 ! 5.892 U.lly
5.826 0.159 11521 2 3.188 0.100 0.041 3 2 3.615 0.140 U.444
5.950 0.120 4.284 0.157 0.101 3.659 0. 364
1095 2 4427 0.365 0.250 3 2 3.140 0.093 0.459 2 5.011 0.204
4,967 0.L70 O.lls 34200 0.149 belUky Uesn3
3 3.486 0.161 3 $.395 Je26T
3.734 0.335 5.642 velel
4,047 0.291 b.345 0.1 79
5 54369 0.237 1571 3 3.229 0.127 V. 066 2 2 4.917 Je214 0.207
5.600 U225 3.449 0.188 O.l44 $5.122 0.1%6
5.735 0.l64 3.714 0. 165 0.111 3 Se482 0.233
5.833 0.240 5.703 Ue209
5.885 0.136 5.879 U.l44
t14e 1 3.485 0.162 0.107 3 2 3.148 04106 0.324 1600 4 3.243 0.196 u.157 1 2 5.518 U.194 U.l3a
3.230 0.132 3.47u 0.163 0.108 4. 778 U.327
4 4.203 Qeb4b 3.97» 0.245 0.245
4.402 0.172 4,949 o248 0.251
4.%40 U.lle 1640 1 3.212 O.le8 Oally 3 2 3.474 Valuk v.ol4
4,638 0.178 3.084 0.266
2 5. 777 0.160 2 4.029 Be24¢2
5.888 0.117 4.187 Uesvo
1180 3 3.184 0.114 0.053 1 6 3.446 0.205 0.280 7 4.611 Ve2 il
3.454 0.301 0.203 3.702 0.306 4,900 Ue3b6
5.771 0.210 0.180 3.712 0.116 b.187 U.214
3.880 0.117 5404 0.216
4,040 Ua203 2.6106 Ue209
4,262 0.274 he 745 0.039%
1223 1 5.851 0.209 0.173 2 7 3.150 0.095 G.570 5875 U.169
3.26% 0.213 1690 9 4.287 0.248 U.251 3 2 5.172 0.u89 Jel6l
3.479 0.206 4.604 0.236 0.227 3.224 0.itl
3.693 0.230 4,900 0.186 0.l4l 2 3.452 Vo227
3.890 0.164 5.203 0.145 0.086 3.674 G216




LS

“
1261 4 3,481 0. 166 0.113 32
3.707 Y 0.101
3.869 0.100 0.041 3
4,442 0.320 0.217
4
1310 2 3.220 0.167 0.114 3 3
4,041 0.21% U.189
3
b
1359 5 3.193 0.111 0.050 1 4
3.481 0.223 0.203
3.731 0.185 0.140
4.603 0.186 0.141
4.904 0.234 U.224
1411 1 3.971 0.108 0.048 4 2
2
4
i 4
1441 | 0 3| 2
b

4.078
4300
4a943
3.214
5.364
H.436
3.204
3.250
4.8170
beU33
5.148
24523
5.671
Se801
5.887
3.067
3.557
3.728
4.583
4.682
4.910
.9236
5.013
3.708
De829
5.887
5.921
9e339
94983
5.737
2.887

3.155
3.2306
34623
3.749
4.460
44593
4.693
4.831
5e562
5.647
Selbb
9.877
3. 176
3.262
3.486
3.615
3.801
3.967
4.227

Je212
Je233
0e336
0.147
U.191
0.334
Jel 4
0.132
D.2640
Jeld7
0.203
U.lal
Jeloa
g.107
U.l36
.40l
0.182
V.160
0.342
Ual98
0.312
0.274
0.203
0.108
0.127
Val33
Je0b65
0.365
0.134
0.175
0.124

0.077
v.181
V.231
0.21%
0.235
0.138
V.301
0.193
0.150
0.149
0.191
0.130
0.092
0.118
0.158
0.134
0.238
0.09¢
0.426

0.222

D.618

U.180

J.440

0.359

1733

1766

1813

1858

1890

1927

1965

b9.462

3.19>
4.291
44908

3.670
3.863
4.280

3.211
3.439
4.690

3.209
4.037

3.199
3.459

4.042

3.463
9.748

0.278

0.129
U.129
0.233

0.068
0. 172
0.304

0.177
0.198
Ge313

O.111
0.229

0.135
0.273

0.304

0.155
0.409

v.1817

0.064
U.060
U.222

0.019
0.121
C.200

Uel24
0.160
U.212

0.050
V.214

0.074
0.183

V.2006

00943
U.281

3.762
9.881
3.403
3.0ty
34911
2.511
2.690
S.866
s«186
3.307
3.648
4.688
4.831
4.983
5.120
3.797
4.047
4.972
2.176
Yeb44
v.761
5.892
3.507
3.704
3.738
Y.026
b.143
5.574
b.760
2.887
3.727
3.854
4.030
4.786
4.982
34300
5«573
5.820
3.202
3.353
3.574
3.672
54403
L.586
v.762
5.898
3.423
3.213
4,054
4,085

0.127
Oelol
Ve’?23
J.2048
Uel2db
0.200
Oelrl
O.l04
O.115
vel3l
D.147
Uela9
J.201
Jel i34
Va253
V.278
0a223
O.l64
Ua245
0.202
Veldh
Da.lle
Uedlu
0.109
Ja216
0.182
V.36l
0.329
V.l63
U.130
0.135
0.198
Uel54
UalTh
De2106
V.292
0.25%%
U.241
0.125
0.296
0.095
0.100
Velv2
U.174
0.1178
Oel28
0.073
0.107
0.126
0.188

Ue2bl

Va3l

Uatdy

0.372

J.240

Jedbd

Total number of sample frames, k, 49.

Total number of single bubbles, h, 124.

Total number of merging bubbles, 385.

Average instantaneous bubble population, ngy, 10.3S.

Average area fraction of influence of single bubble, Pa,ays 0.136.
Average area fraction of merging bubbles, ¢m,§v: 0.3268.
523.

Standard deviation associated with Pm,avs 0.

23,232 movie analyzer units equal 0.75 1nch; left end reading, 3.098; right end reading, 8.330

because of obscuration of film).

(average right limit, 5.955; reduced area of atrip evaluated
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TABLE III. - COMPARISON OF THEORETICAL AND EMPIRICAL VARIATION

Run Average |1 - @y gy |Average Theoretical variation, |[Standard
area ’ area U,‘/mm av(l -9, av)ws o |deviation
fraction fraction ’ ’ ?7" |associated
of of in- with
merging fluence B
bubbles, of méav
wm,av bubbles,
Ps, av
62-12-4-1| 0.04351 0.955 0.1z1 0.0722 0.0929
62-12-4-2 .0182 .982 .102 L0426 L0451
62-12-4-3 .0240 L9786 .109 .0505 .0649
82-12-4-5 . 0402 .960 .138 .073 .0936
82-12-4-8 0171 .983 .128 .0463 0533
83-1-14-6 .0291 971 143 . 0635 .0702
63-2-6-1 .115 .885 .186 .138 <135
63-2-6-2 .255 . 745 .185 .188 .225
83-2-6-3 - 3695 .630 .208 .220 .2l4
63-2-6-4 «035 465 .189 .217 .2186
63-7-2-2 .470 .530 .182 .213 .183
63-7-8-1 .110 .890 .109 .103 117
83-7-8-4 .358 . 642 121 . 187 .167
83-7-8-5 .327 .673 .136 L173 .152
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